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J. E. Niven 
>> Report p. 108 
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B. Deplancke and K. J. Verstrepen 
>> Report p. 82 
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D. K. Ferry 
>> Report p. 64 
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>> Report p. 59 
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52 PrP Antibodies Do Not Trigger Mouse 
Hippocampal Neuron Apoptosis 
P.-C. Kl6hn et al. 
Potentially therapeutic monoclonal 
antibodies do not kill neurons. 
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The porous deposit of candle soot can be used as a template 
for a super oil- and water-repellent coating. The soot is coated 
with a thin silica shell to form a replica and is then removed by 
calcination. The silica is treated with a fluorosilane, yielding a 
transparent, stable coating. This cheap and easily upscalable 
approach may inspire the design of anti-fingerprint coatings, 
which are desirable for touchscreens or glasses. See page 67. 
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53 The Technology Path to Deep Greenhouse 
Gas Emissions Cuts by 2050: The Pivotal 
Role of Electricity 
J. H. Williams et al. 
Reducing greenhouse gas emissions to 
80% below 1990 levels by 2050 requires 
widespread electrification of transportation 
and other sectors. 


REPORTS 


59 Subparticle Ultrafast Spectrum Imaging 
in 4D Electron Microscopy 
A. Yurtsever et al. 
A specially constructed electron microscope 
can probe plasmon fields created by optically 
exciting metal nanoparticles. 
>> Perspective p. 47 


64 Ohm’s Law Survives to the Atomic Scale 
B. Weber et al. 
Nanowires created by embedding phosphorus 
atoms within silicon exhibit a low, 
diameter-independent resistivity. 
>> Perspective p. 45; Science Podcast 


67 Candle Soot as a Template for a 
Transparent Robust Superamphiphobic 
Coating 
X. Deng et al. 

Coatings that are highly resistant to water 
and to hydrocarbons can be made starting 
from candle soot. 


70 Capturing Ultrasmall EMT Zeolite 
from Template-Free Systems 
E.-P. Ng et al. 
Control of the early stages of nucleation 
favors the synthesis of large-pore zeolite 
crystals ~10 nanometers in size. 


73 An Exhumation History of Continents 
over Billion-Year Time Scales 
T. J. Blackburn et al. 
Thermochronology indicates a balance 
between low erosion rates and slow thermal 
cooling in old continental crust. 


76 Multiyear Prediction of Monthly Mean 
Atlantic Meridional Overturning 
Circulation at 26.5°N 
D. Matei et al. 

The strength of an ocean current that 
transports heat to Europe can be predicted 
up to 4 years in advance. 


79 Ancestral Developmental Potential 
Facilitates Parallel Evolution in Ants 
R. Rajakumar et al. 
The potential for developing “supersoldiers” 
has remained dormant in the ant genus 
Pheidole for at least 30 million years. 
>> Science Podcast 
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Fitness Trade-Offs and Environmentally 
Induced Mutation Buffering in Isogenic 
C. elegans 

M. O. Casanueva et al. 

Stochastic variation in a cellular stress 
response pathway can predict the outcome 
of mutations in individuals. 

>> Perspective p. 44 


Molecular Mimicry Regulates ABA 
Signaling by SnRK2 Kinases and 
PP2C Phosphatases 

F.-F. Soon et al. 

Two players and one chair regulate this 
plant hormone signaling cascade. 

>> Perspective p. 46 


Equilibrative Nucleoside Transporter 3 
Deficiency Perturbs Lysosome Function 
and Macrophage Homeostasis 

C.-L. Hsu et al. 

Lack of the transporter critical for recycling 
of nucleosides after phagocytosis results 

in a fatal expansion of macrophages. 


Dystroglycan Function Requires 

Xylosyl- and Glucuronyltransferase 
Activities of LARGE 

K. Inamori et al. 

A bifunctional enzyme adds a 
heteropolysaccharide to an extracellular 
matrix receptor, enabling it to bind laminin. 


RNA Elimination Machinery Targeting 
Meiotic mRNAs Promotes Facultative 
Heterochromatin Formation 

M. Zofall et al. 

RNA processing factors regulate the assembly 
of heterochromatin at individual gene loci 

in fission yeast. 


Asymmetry and Aging of Mycobacterial 
Cells Lead to Variable Growth and 
Antibiotic Susceptibility 

B. B. Aldridge et al. 

The growing pole of the tuberculosis-causing 
bacterium is inherited by only one offspring, 
which can then elongate faster. 


Langerhans Cells Facilitate Epithelial DNA 
Damage and Squamous Cell Carcinoma 

B. G. Modi et al. 

A specialized immune cell population in the 
skin promotes tumorigenesis by metabolizing 
environmental carcinogens. 


Stop Signals Provide Cross Inhibition in 
Collective Decision-Making by Honeybee 
Swarms 

T. D. Seeley et al. 

Scout bees bring about nest-site decisions 
by targeting stop signals at bees with other 
candidate sites. 

>> Perspective p. 43 
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L. Feng et al. 

Full text at www.sciencemag.org/cgi/content/ 
full/335/6064/38-c 
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A Surprising Threshold for Seabird Survival 
Across species, seabird numbers plummet when 
stocks of prey fish fall below one-third of their 
maximum size. 
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No Joke: Pigeons Ace a Simple Math Test 
Observation shows that numerical reasoning is not 
limited to primates. 
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CT scans help finger a mystery bone in the fat pads 
of pachyderm feet. 
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E. M. Adler 

This year’s breakthroughs include structural insights, 
imaging advances, and new ways to control gene 
expression. 
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Activity by HBx—A Mechanism for the Activation 
of Hepatitis B Virus Transcription 

D. Cougot et al. 

A virus prolongs the activity of a host transcription 
factor to promote expression of viral genes. 
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in a Eukaryotic Chemotaxis Pathway 

K. Takeda et al. 

Rapid adaptation to changes in chemoattractant 
concentration involves an incoherent feedforward 
structure of the underlying signaling network. 
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Modulation of Signal Transduction Networks’— 
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R. Straube (Comment) and P. Jiang et al. (Response) 
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and reciprocally regulated states. 
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E. E. Schadt and J. L. M. Bjérkegren 
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drivers of pathology in individual patients. 
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S. Colloca et al. 
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E. Barnes et al. 
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FOCUS: Chimp Virus Makes a Savvy Vaccine Vector 
M. Houghton 

A hepatitis C virus vaccine delivered by a chimpanzee- 
derived adenovirus vector produces strong cellular 
immune responses in healthy human volunteers. 


PODCAST 

S. Colloca and A. Colmone 

A conversation with Alfredo Nicosia about the discovery 
of new adenoviruses that will help to make better 
vaccines to treat human diseases. 
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PI3K/mTOR inhibitors inhibit angiogenesis by 
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between tumor and endothelial cells. 
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Supersoldier Throwbacks >> 


Anomalous traits reflecting those of an ancestor spo- 
radically appear in individuals that normally should not 
have them. Through their work with the hyperdiverse 
ant genus Pheidole, Rajakumar et al. (p. 79) sug- 
gest that these anomalies represent raw materials for 
selection to act upon. The ants possess an ancestral 
developmental potential, to produce “supersoldiers,” 


that has been retained for over 30 million years for 
which recurrent induction has facilitated the adaptive 
and parallel evolution of supersoldiers. 


Electrifying Prospects 
Greenhouse gas emissions need to be reduced in 
order to decrease the risk of dangerous climate 
change, and a commonly advocated intermedi- 
ate step to decarbonizing our energy production 
is to cut emissions by 80% by the year 2050. 
Williams et al. (p. 53, published online 24 
November) analyze the infrastructure and tech- 
nology requirements required to meet this goal 
in California and conclude that simply using the 
most technologically advanced types of energy 
supply now available will not be enough. In- 
stead, transportation and other sectors will need 
to be converted largely to electrical systems, 
which would make decarbonized electricity the 
dominant form of energy supply. Such a trans- 
formation will require technologies that are not 
yet commercialized and intensive public-private 
and interindustry coordination at every stage of 
the process. 


Wiring Up Silicon Surfaces 


One of the challenges in downsizing electronic 
circuits is maintaining low resistivity of wires, 
because shrinking their 
diameter to near atomic 
dimensions increases 
interface effects and can 
decrease the effectiveness 
of dopants. Weber et al. 
(p. 64; see the Perspective 
by Ferry) created nano- 
wires on a silicon surface 
with the deposition of 
phosphorus atoms through 
decomposition of PH, 

with a scanning tunneling 
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microscope tip. A brief 
thermal annealing embed- 
ded these nanowires, 
which varied from 1.5 to 11 nanometers in 
width, into the silicon surface. Their resistivity 


was independent of width, and their current- 
carrying capability was comparable to that of 
thicker copper interconnects. 


In the Stick of It 


If a coating makes a surface nonstick, how do 
you stick the coating to the surface in the first 
place? For many nonstick coatings, this involves 
procedures to ensure good adhesion to the 
underlying surface though the use of surface 
roughening or intermediary layers. Deng et al. 
(p. 67, published online 1 December; see the 
cover) found a very simple route using little more 
than candle soot as a temporary sublayer that 

is coated with a silica shell and subsequently 
removed via calcination. Once top-coated with 

a semifluorinated silane, the resulting material 
possessed a low surface energy for water and also 
repelled oils, alchohols, and alkanes. While the 
coating could be damaged through mechanical 
wear, the remaining material continued to show 
superhydrophobic and superoleophobic behavior. 


Continental Thermocouple 


The patchy presence of billions-of-years-old 
continental crust indicates a complex coupling 
between the buoyant forces keeping the 
lithosphere floating on the mantle and the 
persistent erosional forces gradually wearing 
the crust away. Measuring long-term rates of 
exhumation—the creation of new rock surfaces 
due to erosion—can reveal how the crust is 
thermally coupled to the underlying mantle, but 
techniques to do so have often only been able 
to resolve a limited temperature range across 
narrow slices of geologic time. Blackburn et al. 
(p. 73) used uranium-lead thermochronology, 
which is sensitive to the much higher tempera- 
tures representative of lower crustal depths, to 
construct a long-term quantitative model of 
exhumation and erosion for North America. 


Plasmon Probe 

When light of certain wavelengths strikes a 
metal surface, it sets the metal’s electrons in 
motion along trajectories termed “plasmon 
modes.” Yurtsever et al. (p. 59; see the 
Perspective by Batson) constructed a type of 
electron microscope that can probe the electric 
fields associated with this process by measur- 
ing the energy of a separate pulse of electrons 
that is bounced off the surface immediately 
(less than trillionths of a second) after the light 
strikes. The spatial resolution was sufficient to 
map intensities in distinct regions of a single 
silver nanoparticle. 


Stable Flow 


Whole-ocean deep circulation in the Atlantic, 
the Atlantic Meridional Overturning Circulation 
(AMOC(), transports great quantities of heat 
from low latitudes to higher ones, which, for 
example, helps to warm Europe’s climate. 
Matei et al. (p. 76) describe a modeling 
technique that allows AMOC strength to be 
predicted for up to 4 years in advance and 
suggests that AMOC should remain stable until 
at least 2014. 


Musical Chairs 


The plant hormone abscisic acid (ABA) helps 
plants to respond to changes in the environ- 
ment, such as drought. Physiological responses 
are initiated when ABA binds to its receptor. In 
the absence of ABA, downstream kinases are 
held inactive by phosphatases. Soon et al. 

(p. 85, published online 24 November; see the 
Perspective by Leung) now show that both the 
hormone-receptor complex and the downstream 
kinase bind to the same site on the phospha- 
tase. Thus, in the presence of hormone, the 
phosphatase is occupied and unable to interfere 
with downstream kinase activity. 
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This Week in Science 


Going LARGE 


Dystroglycan (DG) is a highly glycosylated extracellular matrix (ECM) receptor involved in a variety 
of physiological processes, including maintenance of skeletal muscle membrane integrity and the 
structure and function of the central nervous system. The like-acetylglucosaminyltransferase (LARGE) 
is responsible for posttranslational modifications of alpha-dystroglycan (c-DG) required for its 
function. Now, Inamori et al. (p. 93) demonstrate that LARGE is a bifunctional glycosyltransferase 
able to transfer xylose and glucuronic acid. These modifications allow «-DG to bind the laminin-G 
domain—containing ECM ligands: laminin, agrin, and neurexin. 


From Nucleoside Recycling to Histiocytosis 


Macrophages remove billions of apoptotic cells daily, releasing their nucleic acid material through lyso- 
somal degradation, which allows the resulting nucleosides to be recycled. Hsu et al. (p. 89, published 


online 15 December) found that the nucleoside transporter, 
equilibrative nucleoside transporter 3 (ENT3), was highly 
expressed in macrophages and showed that mice deficient in 
this transporter develop histiocytosis and features of lysosomal 
storage disease. When exposed to apoptotic cells, macrophages 
carrying human ENT3 mutations accumulated adenosine and 
increased their lysosomal pH. These changes contributed to an 
enhanced signaling through macrophage colony-stimulating 
factor (M-CSF) receptor and, ultimately, to M-CSF—driven 
myeloproliferative disease. 


Live Fast, Die Faster 


Treatment of Mycobacterium tuberculosis infections is complicated by the need for a prolonged 
course of antibiotics to fully eliminate all the bacteria present in an infected individual. Most an- 
tibiotics target growth and division machinery; thus, Aldridge et al. (p. 100, published online 15 
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November) postulated that heterogeneity in the growth properties of mycobacterial cells underlies 
variable antibiotic susceptibility. Cell division in mycobacteria was found to be asymmetrical, with 
one cell inheriting the growing pole and elongating rapidly, while the other cell elongated more 
slowly. Over multiple cell divisions, the rapidly growing cells became more susceptible to anti- 
biotic treatment, helping to explain the observed heterogeneity in response to antibiotic therapy. 


The Dark Side of Langerhans Cells 


Several immune cell populations reside in the skin and are thought to provide a protective barrier 
against infections and to act as sentinels against malignant transformation. However, studies in mice 
that lack Langerhans cells, a subset of dendritic cells, have suggested that these cells may actually 
promote tumorigenesis. Using a mouse model of squamous cell carcinoma, Modi et al. (p. 104) now 
reveal how Langerhans cells may promote the transformation of skin epithelial cells. In response to 
the carcinogen 7,12-dimethylbenz[aJanthracene (DMBA), Langerhans cells increased their expres- 
sion of the cytochrome P-450 enzyme CYP1B1, which can metabolize DMBA to the mutagenic 
DMBA-trans-3,4-diol. Thus, besides their functions in regulating the adaptive immune response, 
Langerhans cells may participate in the metabolism of environmental carcinogens. 


Stop, Don't Go There 


Decision-making in complex brains requires the reaching of a consensus based on information 
relayed by multiple neurons. A similar situation occurs in the decision-making process of swarming 
bees, where multiple individuals relay information about suitable hive sites, but a single site is chosen 
by the swarm. Seeley et al. (p. 108, published online 8 December; see the Perspective by Niven) show 
that consensus in this system is reached as information from scouting bees accumulates within the 
hive. Stop signals were given by scout bees from a particular site to those scout bees signaling from 
other sites. As the signals accumulate, scouting ceases and the bees prepare to swarm to the site that 
was best represented among the scouts. When this process was simulated, the results indicated that 
cross-inhibition among the bees functions similarly to that which occurs among neurons within complex 
brains. In both cases, such cross-inhibition prevents the overall system from coming to an impasse. 
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Voices of the Next Generation 


THE START OF 2012 PROVIDES AN OPPORTUNITY TO TAKE STOCK OF WHERE WE HAVE BEEN AND WHERE 
we are going at Science. Internet technology has been rapidly changing the way that scien- 
tists access information. This has advantages, allowing new content to be noticed around the 
globe as soon as it is published. But it also has disadvantages, making it easy for a scientist 
to receive only preselected information focused on his or her specialty. Because innovative 
breakthroughs often come from the intersection of disparate ways of thinking, scientists need 
to continually expose themselves to a broad range of disciplines and approaches. They also 
must work together as a community to build the strong scientific enterprise needed to create the 
paradigm-breaking innovations that will be required by an ever-more crowded and resource- 
limited world. How can we promote the wide-ranging conversations that will be necessary to 
meet these critical challenges? 

We know from surveys that younger scientists primarily read our 
magazine online, finding specific articles from specialized searches, 
such as those on Google Scholar or PubMed. As a result, they often 
miss the valuable, community-building articles in Science’s News and 
Commentary sections, as well as exposure to research in other fields. 
Many of these young people are already actively engaging in conversa- 
tions about the issues presented in Science on social media sites such 
as Facebook.* But to bring such conversations to a broader community 
of scientists, Science is providing a prominent space for young scien- 
tists in the front half of the print magazine with a new feature called 
NextGen VOICES. In this issue, we publish the first set of essays from 
young scientists who responded to our question: “How will the practice 
of science change in your lifetime?” We received answers from many 
nations and publish a selection in this issue, some in print (see p. 36) and 
many more online (www.scim.ag/NextGenResults). We also announce 
the next question in this series, with essays of 250 words or less due by 17 February: “What is 
your definition of a successful scientist? How has this definition changed between your men- 
tor’s generation and your own?” (see announcement on p. 36 and www.scim.ag/NextGen_2). 

The short essays published this week come from young scientists in 18 nations: Austria, 
China, Denmark, France, Germany, India, Israel, Italy, Netherlands, Norway, Russia, Singa- 
pore, South Africa, Spain, Sweden, Turkey, United Kingdom, and United States. The answers 
are encouraging, inasmuch as they dramatically illustrate the wisdom and energy of the next 
generation of the world’s scientists, along with their strong shared culture. Many of the essays 
express a greatly increased need for interdisciplinary, collaborative science—calling for new 
mechanisms and better incentive systems that promote it. All in all, Science is very encouraged 
by the response, and we hope that this new feature will—along with new organizations like the 
Global Young Academy t— help to empower young scientists to play a larger role in both the 
scientific community and society. 

Other new features at Science include two new mechanisms designed to encourage wider 
participation in the issues published by our magazine. Readers can now post comments on 
all Commentary, News, and Research content immediately after print publication (see www. 
comments.sciencemag.org). We also welcome Technical Comments that address core conclu- 
sions and methodologies, and will publish those as soon as possible (see www.sciencemag. 
org/site/feature/contribinfo/prep/gen_info.xhtml). We hope that all of these changes— 
NextGen VOICES, and the facilitation of both general and technical comments—will allow 
many more people, and especially young scientists, to participate more effectively in an increas- 
ingly global conversation on central issues. Only by heeding the voices of the next generation 
can we succeed in building a broad-based scientific community that can address the daunting 
challenges of our times—for in a very real sense, the future is in their hands. | —Bruce Alberts 


10.1126/science.1218287 


*Over 190,000 “likes” on Facebook for ScienceNow and 65,000 for Science. +B. Alberts, Science 332, 283 (2011). 
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ECOLOGY 
DNA Leaves a Trace 


Detecting the presence of populations of rare and threatened animal 
species is a challenge for conservation planners and managers, espe- 
cially in habitats like lakes and rivers, where an animal leaves little 
or no macroscopic trace. Thomsen et al. have developed a molecular 
solution to tracking and quantifying elusive creatures, in the form of 
DNA obtained from water samples in freshwater habitats in Europe. 
Their trials used six aquatic species—vertebrate and invertebrate— 
that occur naturally at low abundance and that are the focus of strict 
conservation efforts. With samples as small as 15 ml, they were able 
to detect and quantify populations of each species and to verify ex- 
perimentally that the DNA indeed represented contemporary occur- 
rence. The technique was then successfully extended to the detection 
of entire communities of species, using high-throughput sequencing 
techniques. — AMS 

Mol. Ecol. 10.1111/j.1365-294X.2011.05418.x (2011). 


14 


ENVIRONMENTAL SCIENCE 
Not-So-Quicksilver 


In aquatic or subsurface environments, sulfate- 
reducing bacteria mediate the transformation of 
inorganic divalent mercury into highly toxic, bio- 
available methylmercury (MeHg), but it is unclear 
how this reaction depends on the phase of the 
Hg(Il). Zhang et al. examined the degree to which 
sulfate-reducing bacteria methylated three forms 
of Hg(Il), representing different size fractions and 
different states of aging: dissolved Hg(II) ions, 
3- to 4-nm-diameter HgS nanoparticles, and 
>500-nm HgS particles. The bacteria methyl- 
ated dissolved Hg(II) fastest, but there were also 
significant differences between nanoparticles 
and larger particles of HgS that were attributed 
to size-dependent crystallinity differences and 
not simply the amount of reactive surface area. 
Furthermore, aging HgS nanoparticles—which 
transformed them into larger HgS particles over 
time—resulted in less MeHg formation as well, 
suggesting that methylation is related to the 
intermediate Hg(II) phases present and the crystal 
growth kinetics. These observations may help 
explain the varying production rates of MeHg in 
the environment. — NW 

Environ. Sci. Technol. 10.1021/ 

es203181m (2011). 


IMMUNOLOGY 
Mast Cells Revisited 


Although the role of mast cells in allergic 
disease is well established, they have also been 
implicated in responses to bacterial infections, 
autoimmunity, and cancer. Nearly all of these 


studies relied on the use of mice containing 
mutations in the receptor tyrosine kinase Kit, 
which is important for mast cell development. 
Although these mice lacked mast cells, Kit is 
also expressed in other cell lineages and Kit 
mutant mice suffered from anemia, neutrope- 
nia, and impaired lymphocyte development, 


among other defects. Feyerabend et al. now de- 
scribe mice (called Cre-Master) with a selective 
deficiency in mast cells that were generated by 
the targeted insertion of Cre recombinase into 
the mast cell carboxypeptidase A3 locus. The 
insertion of Cre caused deletion of mast cells by 
genotoxic stress. Cre-Master mice were devoid 
of mast cells and, as expected, were unable to 
mount IgE-mediated anaphylactic responses. 


In contrast to Kit mutant mice, Cre-Master mice 
were susceptible to antibody-induced autoim- 
mune arthritis. Thus, the function of mast cells, 
one of the more enigmatic cells of the immune 
system, may need to be reevaluated. — KLM 
Immunity 35, 832 (2011). 


BIOCHEMISTRY 
It Takes Three to Copy 


The replisome is a complex molecular machine 
that uses cellular DNA as a template to produce 
an identical copy. Because of the orientation 

of the two DNA strands relative to the working 
direction of the polymerase, the leading strand 
is synthesized continuously, but the lagging 
strand is synthesized in segments termed Oka- 
zaki fragments. The bacterial replisome was long 
assumed to contain two polymerases, one each 
for the lagging strands. Recent studies, however, 
have provided evidence for three polymerases 
at Escherichia coli replication forks. Why three 
polymerases would be required remained 
unclear. Georgescu et al. prepared replisomes 
containing either two or three polymerases and 
used single-molecule total internal fluorescence 
microscopy to monitor DNA synthesis. Tripoly- 
merase replisomes were more processive than 
dipolymerase replisomes, synthesizing products 
that were nearly twice as long. Differences in 
DNA synthesis were greater on the lagging 

than the leading strand, and examination of 
DNA products showed that the dipolymerase 
replisome left single-strand gaps, whereas the 
tripolymerase replisome filled in the lagging 
strand much more efficiently. On the basis of 
single-molecule experiments that directly probe 
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the dynamics of single proteins, it was recently 
suggested that a new polymerase is used to syn- 
thesize each Okazaki fragment during F. coli in 
vivo replication (see Lia et al., Reports, Science 
Express, 22 December 2011). — VV 

Nat. Struct. Mol. Biol. 10.1038/ 

nsmb.2179 (2011). 

Sugary Networks 
The burgeoning development of metal organic 
framework (MOF) solids has primarily relied 
on the versatile coordination geometries of 
transition metal ions, which function as lat- 
tice nodes bridged in several dimensions by 
multifunctional ligands. Forgan et al. present 
an in-depth study of a very different class of 
solids that still fall under the MOF rubric. Alkali 
cations such as potassium and rubidium re- 
place the traditional transition metals, and the 
organic components are y-cyclodextrins—rings 
of eight covalently tethered sugar molecules 
better known for one-dimensional encapsula- 
tion than for network formation. Body-centered 
cubic frameworks were 
crystallographically 
characterized and 
proved robust to 
removal of solvent 
after their self- 
assembly in solution. 
The use of smaller 
sodium or larger 
cesium ions led to 
several different 
polymorphs, as did 
divalent strontium, 
though transition 
metals proved poor at 
directing assembly. Among 
the potassium-linked variants prepared by the 
authors was a MOF composed entirely of food- 
grade materials. — JSY 
J. Am. Chem. Soc. 10.1021/ja208224f (2011). 


Fine-Tuning Neuronal Networks 


The double-stranded RNA-activated protein ki- 
nase (PKR) is widely present in vertebrates, and 
its activation leads to the phosphorylation of 
several substrates, the major known cytoplasmic 
target being the translation initiation factor 
elF2c. PKR is activated in response to a variety 
of cellular stresses such as viral infection and 
status epilepticus, and in degenerating neurons 
in, among others, Huntington's, Parkinson’s, 
Alzheimer’s, and Creutzfeldt-Jakob’s disease. At 
present, little is known about its role in normal 


neuronal function. Using transgenic mice, 
electrophysiology, immunohistochemistry, and 
behavioral analysis, Zhu et al. discovered that 
loss of PKR or pharmacological blockade of 
PKR activity in mice promoted hyperexcitabil- 
ity in cortical and hippocampal networks and 
enhanced long-lasting synaptic potentiation 
and long-term memory. PKR regulated these 
processes via selective control of GABAergic 
synaptic transmission mediated by interferon-y 
(IFN-y). These findings thus uncovered a new 
molecular signaling pathway that regulates net- 
work rhythmicity, synaptic plasticity, and mem- 
ory storage in the adult brain. PKR is activated 
in various neuropathies and may therefore be a 
potential therapeutic target. — PRS 

Cell 147, 1384 (2011). 


A Belgian Water Forecast 


Climate change is often discussed in global 
terms. However, responding to and planning for 
it requires extending global models to the local 
level, and assessing impacts on a variety of lo- 
cal resources, such as ecosys- 
tems or seasonal water supply, 
that may have a complex 
response to the main vari- 
ables, such as temperature 
and precipitation. Many 
uncertainties are associ- 
ated with such downscaling, 
regarding how to extend the 
models and how to assess 
the local variability in, for 
instance, precipitation in 
a future climate. However, 
approaches are increasingly 
being developed to consider 
and explore these uncertain- 
ties explicitly, as well as to incorporate ranges 
of future variability into planning both in the 
near term and for longer periods. Goderniaux 
et al. illustrate such an approach for assessing 
the future of groundwater resources in the Geer 
Basin in Belgium, an important local source of 
drinking water. In their approach, the authors 
use the relative change between two global and 
six regional models, rather than the absolute 
predicted climates, to build up a stochastic set 
of future records in key parameters affect- 
ing the hydrology of the basin. This allows a 
probabilistic assessment that can more explicitly 
represent uncertainties for managers. Overall, 
they suggest that the climate change signal 
may dominate normal variability by the later 
part of this century. Mean groundwater levels 
are projected to decrease by about 10 m. — BH 
Water Resources Res. 47, W12516 (2011). 
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Antarctica 1 


Lockheed Gets Contract 

For Antarctic Support 

Lockheed Martin has won a contract worth 
up to $2 billion to support U.S. science in 
Antarctica. The National Science Founda- 
tion (NSF) selected the Maryland-based 
aerospace giant in a competition that lasted 
more than 2 years longer than expected and 


eS SE 
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Cold science. McMurdo Station in Antarctica. 


featured a record seven bidders, including 
incumbent Raytheon Polar Services. The 
agreement, which runs until 2025, extends 
NSF’s history of choosing a new winner each 
time it rebids the contract, the biggest ever 
for the agency. The contractor is responsible 
for providing all of the non-scientific needs 
of researchers based at NSF’s three Antarctic 
stations. “It’s like running a small town,” says 
Erin Tassey, a spokeswoman for Lockheed. 


Washington, D.C. 2 
NIH Launches Translational Center 


As 2011 drew to a close, the National Insti- 
tutes of Health (NIH) said goodbye to one 
center and welcomed another. The reorga- 
nization became official on 23 December 
when President Barack Obama signed a 2012 
spending bill that includes funding for NIH. 
The law creates the $575 million National 


Center for Advancing Translational Sciences 
(NCATS), which will aim to push basic dis- 
coveries more quickly to the clinic. And it 
moves the programs of the National Center 
for Research Resources to NCATS and other 
components of NIH. NCATS’s acting direc- 
tor is Thomas Insel, director of the National 
Institute of Mental Health; acting deputy 
director is Kathy Hudson, NIH deputy direc- 
tor for science, outreach, and policy. A search 
is underway for a permanent director. 


Washington, D.C. 3 


Second Paper Pulled on Viral 
Link to CFS 


A Proceedings of the National Academy 
of Sciences (PNAS) paper from 2010 sup- 
porting a link between mouse retroviruses 
called MLV’s and chronic fatigue syn- 
drome (CFS) was struck from the scien- 
tific record on 27 December—S days after 
Science fully retracted a controversial 
2009 paper suggesting that another mouse- 
related retrovirus, known as XMRY, is 
linked to CFS. The retraction took away the 
only paper left indicating a role for mouse 
retroviruses in CFS. 

The Science study, by Judy Mikovits 
of the Whittemore Peterson Institute for 
Neuro-Immune Disease in Reno, Nevada, 
and colleagues, came under fire because 
other studies couldn’t replicate the data. 
The PNAS paper, whose lead researcher 
was Shyh-Ching Lo of the Food and Drug 
Administration, initially seemed to lend 
support to the findings, although scien- 
tists pointed out that it fingered a different 
group of viruses. 

All seven of the PNAS paper’s authors 
signed the retraction, stating that they them- 
selves had been unable to isolate the virus in 
subsequent work. http://scim.ag/XKMRVpaper2 
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In position. China’s global positioning network. 
Beijing 4 
‘Big Dipper’ Goes Online 


China’s BeiDou navigation satellite system, 
also known as “Big Dipper,” had begun a 
trial run, making China the third country 

in the world to operate such a system, after 
the United States’s Global Positioning Sys- 
tem and Russia’s GLONASS, the director of 
the China Satellite Navigation Office, Ran 
Chengqi, told Chinese reporters at a press 
conference 27 December. By 2012, with 
six more satellites added to the current ten, 
BeiDou plans to offer services to customers 
in the Asia-Pacific region; by 2020, Beidou 
plans to have global coverage in operation 
with 35 satellites. 

Meanwhile, two Chinese space science 
missions moved from the planning stage into 
an engineering design phase, the Chinese 
Academy of Sciences announced the same 
day. One of the new satellites will carry a 
payload for quantum science experiments, 
and the other will be looking for evidence 
of dark matter. Both satellites are part of 
CAS'’s effort to boost space science as part 
of its Innovation 2020 plan (Science, 20 May 
2011, p. 904). 


Los Angeles, California 5 


UCLA Professor to Be Charged 
In Lab Death 


The district attorney’s office for Los Angeles 
County filed felony charges on 27 December 
2011 against University of California, Los 
Angeles (UCLA), chemistry professor 
Patrick Harran, as well as the university 
itself, for maintaining an unsafe work envi- 
ronment that led to the 2009 death of a 
23-year-old research assistant in a lab fire. 
On 29 December 2008, Sheharbano 
“Sheri” Sangji was severely burned while 
working with highly flammable chemicals 
without a protective coat in Harran’s lab. She 
died 18 days later (http://scim.ag/safelabs). 
According to court documents, the 
district attorney’s office holds Harran and 
UCLA criminally responsible for three 
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felony counts of violating California’s occu- 
pational safety regulations, which require 
that employers ensure that workers receive 
proper safety training and wear adequate 
protective equipment. If convicted, Harran 
could face up to 4.5 years in prison and 
UCLA could be fined $1.5 million for each 
count. Attorneys for UCLA responded that 
they intend to fight the charges, which they 
say contradict the findings of California 
workplace health investigators. 


NEWSMAKERS 
FBI Investigates Stem Cell Case 


A pathology professor is accused of harvest- 
ing stem cells from umbilical cords with- 
out any oversight and selling them illegally. 
The Federal Bureau of Investigation (FBI) 
last week arrested Vincent Dammai, 40, of 
the Medical University of South Carolina 

in Charleston, along with two other men, in 
a “fraudulent scheme” to “perform unap- 
proved procedures” with the cells on patients 
suffering from cancer, autoimmune diseases, 
and other conditions. The FBI says in its 
indictment the three reaped more than 

$1.5 million from the scheme. 

While stem cells derived from cord 
blood are being studied in dozens of clini- 
cal trials, any testing on people must adhere 
to guidelines set by the U.S. Food and Drug 
Administration (FDA). That didn’t hap- 
pen here, the FBI alleges; Dammai, for 
example, was said to have received umbili- 
cal cord blood in the mail for the purpose of 
creating stem cells without FDA oversight. 
In a statement, the university said Dammai 
has been placed on administrative leave and 
“his laboratory and office have been locked 
and secured.” 


Cancer Researcher Sued 


Craig Thompson, the president of Memo- 
rial Sloan-Kettering Cancer Center in New 


Research Institute, part of the Abramson 
Cancer Center of the University of Penn- 
sylvania, filed a complaint on 13 December 
alleging that Thompson, who left Abramson 
in October 2011, hid his involvement with 

a biotechnology company and deprived 
Abramson of intellectual property it was 
owed. Co-defendants in the suit are the com- 
pany Thompson helped form, Agios Phar- 
maceuticals of Cambridge, Massachusetts, 
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Angry Birds? 

No, Happy Pigs 

Tired of Angry Birds, the game in which you 
blow little green pigs to bits? If it’s up to Dutch 
designers, you might soon be able to down- 
load a more constructive game, designed in 
collaboration with animal welfare researchers, 
that lets you play with real, living pigs. 

To prevent boredom and aggression in the 
animals, European regulations require farm- 
ers to provide pigs with interesting objects— 
often a chain with a piece of plastic attached — 
but nothing seems to hold their interest very 


cognition and motivation in pigs as well. 


long. So designers at the Utrecht School of the Arts came up with the idea for a more interesting 
game (www.playingwithpigs.nl) that would involve people as well. Via an iPad, a human player 
would move a bright spot around a big touch screen set up in the barn. Pigs, which apparently love 
new stimuli, would follow the light with their snout; when the spot moves through a triangle goal, 
the animal is rewarded with a lightshow while the human racks up points. 

The team has yet to actually build a prototype, says designer Kars Alfrink, who admits there 
are technical challenges—for starters, only one human can play at a time. The main idea, he 
says, is to get people thinking about their relationship with pigs, which are largely “invisible 
animals” until they end up on our plates. Co-developer Marc Bracke, who studies animal welfare 
at Wageningen University and Research Centre, says such a game could be useful for studying 


and Celgene Corporation of Summit, New 
Jersey, which has invested in Agios. The 
institute says damages are “estimated to ulti- 
mately exceed $1 billion.” 

Through his attorney, Thompson said 
that “the allegations in this lawsuit are 
unfounded and without merit.” The defen- 
dants have until early February to file a 
response with the court. 
http://scim.ag/Craigfhompson 


Three 0's 


John Grunsfeld, who this 
week became head of 
NASA’s $5 billion sci- 
ence mission directorate, 
could be a mascot for the 
space agency: an astro- 
naut who is also an astro- 
physicist. Grunsfeld has 
flown on five shuttle flights, most recently 
on the 2009 mission to service the Hubble 
Space Telescope. He fills a vacancy left by 
the departure of Ed Weiler in September 
last year. 


Q: What challenges and opportunities do 


you see ahead? 
The James Webb Space Telescope and the 


Published by AAAS 


Joint Polar Satellite System are both hard 
projects that are very important in their 
fields. We need to show that we have the 
engineering expertise and the management 
skills to bring them to fruition. The oppor- 
tunities are huge. We have satellites like 
Kepler that are telling us the universe is 
much richer than we imagined. The oppor- 
tunities for young researchers to make sig- 
nificant breakthroughs are huge. 


Q: Given the budgetary climate, should U.S. 


researchers scale down their expectations 
of NASA in the coming decade? 

I don’t think so. I think the science should 
drive the expectations. If we allow politics 
and the budget to determine what science 
we aspire to do, we’ll end up with medio- 
cre science. 


Q: Do you suspect you'll be accused by 
planetary scientists of being prejudiced in 
favor of astrophysics? 

My personal research in recent years has 
been on exoplanet science. I led the drive 
that led to the current Mars program. I’m 
dying to know what’s going on on Europa. 
You could call me a closet planetary scien- 
tist. I have also spent a lot of time thinking 
about heliophysics. 
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BIOSECURITY 


Will Flu Papers Lead to 
New Research Oversight? 


In the fall of 2001, just weeks after the trauma 
of 11 September, letters laced with powdered 
anthrax caused death and panic in the United 
States. Ever since, biological scientists have 
debated whether, one day, the need to keep 
sensitive information from aspiring bioterror- 
ists would force them to impose new limits on 
the academic openness they had long taken 
for granted. 

A decade later, that day appears to have 
arrived. Just before Christmas, the U.S. gov- 
ernment announced that a biosecurity advi- 
sory board had asked two research teams 
to strike key details from papers in press at 
Science and Nature. The studies describe 
how researchers made the deadly H5N1 
avian influenza more transmissible between 
mammals—possibly providing a blue- 
print on how to set off a flu pandemic. The 
researchers and the journals agreed, but only 
if the U.S. government comes up with a sys- 
tem that allows “responsible” scientists to 
see the deleted information, which public 
health experts say could be crucial to mon- 
itoring H5N1 outbreaks and developing 
drugs and vaccines. 

The unprecedented decision by the 
National Science Advisory Board for Bio- 
security (NSABB) has sparked fierce criticism 
and strong support. And the episode has impli- 
cations far beyond a couple of paragraphs in a 


pair of papers. Already, senior U.S. officials 
are scrambling to develop new, tougher over- 
sight procedures for evaluating and possibly 
blocking potentially risky “dual use” stud- 
ies before they begin—reviews that critics 
say the flu experiments should have received. 
And officials are struggling to devise a work- 
able system for sharing the redacted details 
with some scientists but not others. “There 
is no perfect solution” to that problem, says 
Anthony Fauci, director of the U.S. National 
Institute of Allergy and Infectious Diseases 
(NIAID) in Bethesda, Mary- 
land, which funded the stud- 
ies. “There is not even a good 
solution.” 

The World Health Orga- 
nization (WHO), meanwhile, 
fears that the fallout could 
damage a 2011 global agree- 
ment to share influenza sam- 
ples that was years in the 
making. And NSABB chair 
Paul Keim, a microbial geneti- 
cist at Northern Arizona Uni- 
versity in Flagstaff, would like 
to see a voluntary moratorium 
on publicizing similar stud- 
ies pending international talks 
on how to proceed. “This is 
an Asilomar moment,’ Keim 
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“This is an Asilomar 
moment.” 


Game changer? Efforts to make H5N1 (/eft) trans- 
missible in mammals rekindle “dual use” concerns. 


says, referring to a landmark 1975 meeting 
in Asilomar, California, where, after halt- 
ing their research, scientists drew up safety 
guidelines for working with recombinant 
DNA technology. 

The studies—led by Ron Fouchier of 
Erasmus MC in Rotterdam, the Netherlands, 
and Yoshihiro Kawaoka of the University of 
Wisconsin, Madison, and the University of 
Tokyo’s Institute of Medical Science—were 
designed to see if changes in HSN1’s genetic 
makeup might make it more capable of jump- 
ing from human to human. Kawaoka received 
an NIAID grant in 2006, while Fouchier’s 
work was done under a subcontract for Adolfo 
Garcia-Sastre of Mount Sinai School of Med- 
icine in New York City, who runs an NIAID- 
funded influenza center. 

The studies had not raised eyebrows 
before. Their dual-use aspects “didn’t hit the 
radar screen” of the scientists who reviewed 
the proposals for NIAID, Fauci says, in part 
because “similar types of research looking at 
alteration of transmissibility have been going 
on forever.” University biosafety committees 
in the United States and the Netherlands also 
green-lighted the work; such panels typically 
focus on lab safety, not dual-use aspects. 

Little is known about the content of 
Kawaoka’s study, under review by Nature. 
But Fouchier discussed his work, under 
review at Science, at a September meeting in 
Malta. His lab initially tried making the virus 
more transmissible in ferrets—virologists’ 
preferred animal model—by mutating key 
genes. That didn’t work, so researchers tried 
an old method called “passaging”: transfer- 
ring the virus from ferret to 
ferret to prod it to adapt. After 
10 iterations, Fouchier’s team 
had a virus that transmitted 
well thanks to five mutations. 

When Fouchier’s paper 
arrived at Science, “it was 
obvious” that it needed spe- 
cial review, says Editor-in- 
Chief Bruce Alberts (who did 
not discuss the paper’s con- 
tent with Science’s reporters). 
The journal quickly recruited 
outside specialists, including 
biosecurity experts who serve 
on NSABB. 


—PAUL KEIM, NSABB itself was first 
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alerted to the studies by NIAID staff late last 
summer and received copies of the papers 
in mid-October. The problems were imme- 
diately obvious, Keim says. A working 
group of eight voting and a dozen ex officio 
members—including White House and 
NIAID staffers—started discussing the papers 
in teleconferences. “It was wham-wham- 
wham, three meetings the first week,’ Keim 
recalls. In November, the working group made 
its recommendations to the full 25-member 
NSABB. Several more “very, very serious 
discussions” followed, says NSABB mem- 
ber Michael Imperiale, a virologist at the Uni- 
versity of Michigan, Ann Arbor. “We realized 
that the stakes were very high 
for the life sciences.” 

NSABB had been there 
before. In 2005, it had 
approved a controversial 
paper about the resurrection 
of the H1N1 flu strain that 
caused the 1918 pandemic 
(Science, 7 October 2005, 
p. 77). “That was a very dan- 
gerous virus, too,” Keim says, 
but for various reasons, the 
HS5N1 work seemed even 
more problematic. “Slowly, 
you get to the line where 
something shouldn’t be com- 
municated,” he says. “These 
papers exceeded that line in 
our minds.” In the end, the 
board was unanimous: Key 
details had to go. 

On 30 November, NSABB members con- 
veyed that message to the scientists and jour- 
nals. The board, however, has no regulatory 
authority; it only makes recommendations. 
And NSABB’s advice was so general that 
“it took us a while to figure out exactly what 
they wanted,” Alberts says. By late Decem- 
ber, all sides could announce a deal: The jour- 
nals would publish an incomplete description 
of the studies—if the government delivered a 
“transparent plan” for sharing the details. 

Kawaoka and Fouchier went along reluc- 
tantly. And many of their colleagues say the 
deal is antithetical to the scientific spirit and 
unnecessary. “I think it’s an overreaction,” 
Garcia-Sastre says. Only a small group of 
highly skilled virologists could make use of 
the mutations, he says, and the well-known 
passaging method is “not an ‘Aha!’ idea.” 
Peter Palese, another flu scientist at Mount 
Sinai, isn’t convinced that ferret studies can 
even predict a flu strain’s behavior in humans. 
Moreover, highly pathogenic HSN1 has been 


“There is no perfect 
solution. There is not 


even a good solution.” 
—ANTHONY FAUCI, NIAID 


around for a long time, he writes in an e-mail: 
“Tf it would be so easy to make highly trans- 
missible HSN1 viruses, nature would have 
done it already.” 

But a senior flu scientist recruited by 
NSABB as a special adviser says the panel did 
the right thing. Robert Webster, 79, of St. Jude 
Children’s Research Hospital in Memphis, 
Tennessee, is the unofficial dean of flu science 
and an expert on HSN1. He believes the stud- 
ies were justifiable and publishing their main 
message is essential—which is that HSN1 is a 
global human threat and “not just a problem 
for chickens.” At the same time, “I don’t think 
science should be putting out recipes” for bio- 
terrorists, Webster says. 

Now, developing a system to distribute 
the hidden details is just one 
of the “very difficult tasks” 
facing U.S. officials, Fauci 
says. Fouchier has estimated 
that perhaps 1000 research- 
ers at 100 institutes should 
be allowed to see his work, 
for example. But the govern- 
ment has few legal means of 
restricting the flow of infor- 
mation other than outright 
classification, Fauci notes, 
and “NIH does not do clas- 
sified research.” Alberts, 
however, is optimistic that 
officials will find some 
“credible method,” perhaps 
a secure Web site or marked. 
paper copies that could be 
distributed via embassies. 

It won’t work forever, Imperiale predicts. 
“This information will eventually get out one 
way or another. We aren’t deluding ourselves.” 
Even slowing the flow, however, will provide 
valuable time to develop countermeasures, 
Imperiale says. 

Fauci is also part of a government-wide 
group that is fiercely haggling over new pro- 
cedures for spotting “dual-use research of 
concern” before it starts. NIAID is already 
reviewing funded projects, he says, to make 
sure there are no more “surprises.” But what 
to do about future proposals isn’t clear. 

One likely option is expanding a question- 
naire-based screening system already in place 
at a few major universities and for government 
researchers within the U.S. National Institutes 
of Health (NIH) and the Centers for Disease 
Control and Prevention. It asks researchers to 
check a box if their study might “enhance the 
harmful consequences of a biological agent or 
toxin,” such as by increasing transmissibility. 
The form is then reviewed by an Institutional 
Biosafety Committee (IBC)—bodies set up 


after Asilomar to oversee DNA research— 
which can recommend changes. 

Many researchers and university officials 
worry that most IBCs—there are some 700 
in the United States—don’t have the neces- 
sary expertise and that broadly worded ques- 
tionnaires could hinder research. Studies, 
however, suggest that few projects would get 
flagged. When NIH screened 3444 intramu- 
ral DNA research projects from 2009, for 
instance, it found just two that merited spe- 
cial review. “There is no excuse for not doing 
screening,” argues Richard Ebright, a biolo- 
gist at Rutgers University in Piscataway, New 
Jersey, and the Howard Hughes Medical Insti- 
tute. The two flu studies, he says, “would have 
been clearly identified as problematic much 
earlier if this process had been followed.” 

Clamping down in the United States will 
have little effect elsewhere. Some biosecu- 
rity advocates want a global panel to review 
studies that could result in a pathogen with 
pandemic potential; it could be similar to a 
WHO smallpox research panel that can reject 
proposed experiments. At the least, an inter- 
national debate should occur, says Keim, 
who believes that in the meantime, scientists 
should neither publish the results of HSN1 
transmissibility studies nor present them at 
meetings. That idea is getting mixed reviews. 
“T don’t think that’s in the best interest of sci- 
ence,” says virologist Andrew Pekosz of Johns 
Hopkins University in Baltimore, Mary- 
land. A moratorium could “handicap” young 
researchers building their careers, he notes. 

WHO officials, meanwhile, said in a 
30 December statement that they are “deeply 
concerned about the potential negative conse- 
quences” of the controversy on global efforts 
to share information about H5N1. After the 
virus started spreading rapidly in 2003, some 
nations complained about WHO’s system for 
sharing viral samples and research benefits: 
Indonesia even suspended participation. To 
ease tensions, WHO brokered a new agree- 
ment, released in May 2011. Redacting the 
flu papers could violate that agreement—a 
particularly sensitive issue because WHO 
says it provided the viral samples used by 
Fouchier and Kawaoka. 

Meanwhile, some scientists worry that 
the focus on bioterrorism has diverted atten- 
tion from a more likely risk: a lab accident 
that could unintentionally release a newly 
created viral strain. Sloppy lab practices in 
Asia, they note, triggered three minioutbreaks 
of the virus that causes SARS. Escape of an 
engineered H5N1 virus, Ebright says, would 
“really raise the question of whether there are 
some studies that aren’t worth the risk.” 

—MARTIN ENSERINK AND DAVID MALAKOFF 
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In the Eye of the Storm, Two Rivals, Two Strategies 


The two influenza researchers whose work has triggered a far-reaching 
debate on the limits of scientific freedom could hardly have handled their 
publicity more differently. 

Ron Fouchier, who has a paper under review in Science, welcomed 
reporters to his lab at Erasmus MC in Rotterdam last month, donned a lab 
coat for the cameras, and helped the center’s spokespeople prepare state- 
ments in Dutch and English on why he created what he believes to be a virus 
with the potential to cause a pandemic and why the full details of the study 
should be published. He landed on the front page of The New York Times, 
was attacked by bloggers, and news anchors mangled his name. (It’s foo- 
SHAY.) But Fouchier had a point to make: He had nothing to hide. 

Yoshihiro Kawaoka, meanwhile, appeared to be in hiding. He didn't, 
as reporters say, respond to multiple requests for comment, including for 
this story; it was hard to know whether he was at his lab at the University 
of Wisconsin (UW), Madison, where his HSN1 study now under review at 
Nature was done, or at the University of Tokyo’s Institute of Medical Sci- 
ence, where he has an appointment as well. As a result, he literally man- 
aged to stay out of the picture. News stories focused on Fouchier; many 
didn't even mention Kawaoka. 

Some scientists say that may reflect different personalities and back- 
grounds. Fouchier is known to be open and direct—to the point of blunt- 
ness—"a wonderful Dutch quality,” says mathematician Derek Smith of 
the University of Cambridge in the United Kingdom, a close friend and 
co-author of many of Fouchier’s papers. Kawaoka’s silence bespeaks his 
origins, says his former mentor, Robert Webster of St. Jude Children’s 
Research Hospital in Memphis, Tennessee. “In Japanese culture, saying 
nothing is often a more powerful statement,” Webster says. “You smile 
and take it.” 

Others aren't so sure. “I think Kawaoka has lived in the U.S. long 
enough to have lost his Japanese roots,” says virologist Andrew Pekosz of 
Johns Hopkins University in Baltimore, Maryland, “and he’s not shy in pub- 
lic.” Daryl Buss, the dean of UW Madison's veterinary school, says Kawaoka 
doesn't want to imperil his paper in Nature by discussing it. But he con- 
cedes that, as Fouchier did, Kawaoka could discuss the background of the 
work or the policy questions without jeopardizing publication. “He has cho- 
sen not to do that,” Buss says. 

Their media strategies aside, most scientists say they're more struck 
by the commonalities between Kawaoka, 56, and Fouchier, 45. Both are 
“truly top-notch, fantastic scientists,” Pekosz says. They're also competitors 
and rivals, he says—"in a healthy way.” Both have taken a strong interest 
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in avian influenza, and 
at meetings, they often 
speak in the same session. 
“Their labs both run the 
gamut from amino acids 
to transmission between 
humans, which is fantas- 
tic,” Pekosz says. “It’s no 
accident” that both came 
up with major new find- 
ings on H5N1 transmissi- 
bility, Smith adds. 

Extremely hard work- 
ers, both have built up 
impressive publication 
records. Fouchier’s name 
is on almost a dozen 
papers and reviews in Ron Fouchier 
Science and a few in - 

Nature; for Kawaoka, it’s 

the other way around. For both, the controversy swirling around their 
recent work has made the past few months a particularly intense period. 
“All these different opinions create a lot of stress,” says Fouchier’s collabo- 
rator, Adolfo Garcia-Sastre of Mount Sinai School of Medicine in New York 
City. Kawaoka “is wiped out, | gather,” Webster says. 

Kawaoka, who grew up in Kobe and trained at Hokkaido University, 
learned the ropes at Webster's lab in Memphis, where he worked for 
14 years. (“My best postdoc ever,” Webster says.) He started his own lab 
in Madison in 1997 and soon became recognized as a scientific superstar; 
the university invested millions in a new lab and additional staff to retain 
him when he received a grandiose offer from the University of Pittsburgh 
in 2004. Kawaoka frequently travels to Tokyo to keep his group there run- 
ning and lure the brightest Japanese students to Madison. Rather than 
wearing him out, the 16-hour trips across the dateline “seem to energize 
him,” Buss says. 

Fouchier, meanwhile, has built his career at Erasmus MC under the 
wings of Albert Osterhaus, a prolific virologist who has worked on a pleth- 
ora of viruses. So far, Osterhaus has been the lab’s omnipresent spokes- 
person; the current controversy marks the first time Fouchier has stepped 
into the global limelight. 

Both Kawaoka and Fouchier have a long history with H5N1. In 1997, 
Osterhaus’s lab discovered that a 3-year-old boy in Hong Kong who had 
died of pneumonia was infected with the virus—the first recorded human 
infection with the avian strain, which was wreaking havoc in Hong Kong 
poultry at the time. Kawaoka spent several months in Hong Kong as part of 
a team studying the outbreak, which eventually killed 18 people. Fouchier, 
who had been mostly working on HIV, switched to influenza soon after. 

Since then, H5N1 has infected birds in dozens of countries and killed 
more than 500 people. And Fouchier and Kawaoka have been fascinated 
by what Pekosz says is “the most pressing question” about the virus: Could 
it become transmissible between humans—in other words, does it have the 
potential to become pandemic—and if so, what does it take? 

Fifteen years after that first encounter, their unpublished studies may 
begin to answer those questions. 

—MARTIN ENSERINK 
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Laser Fusion Project Alters Goals, 
Fueling Concern Over Its Strategy 


The hopes of fusion researchers worldwide 
are pinned to the fortunes of the National Igni- 
tion Facility (NIF), a $3.5 billion laser center 
at Lawrence Livermore National Laboratory 
in California, which is trying to show that it 
is possible to create a self-sustaining fusion 
reaction that could serve as a source of energy. 
But a change in its milestones, revealed in an 
internal NIF document Science has seen, has 
highlighted the concerns of some in the field 
that the path NIF researchers have taken may 
not be the right one. 

Funded by the U.S. Department of Energy 
(DOE), NIF aims to use a huge laser, the high- 
est energy laser in the world, to crush a tiny 
fuel capsule to temperatures and pressures 
higher than in the center of the sun. The goal is 
to spark a fusion fire in the center of the fuel to 
start it burning. But the fuel is not considered 
ignited until high-energy alpha particles pro- 
duced by the fusion burn heat the surrounding 
fuel enough to keep the burn going until a sig- 
nificant fraction of the fuel is used. 

Until last month, NIF was scheduled to 
show evidence of significant alpha-particle 
heating by the end of March, then prove by 
the end of June that fusion can produce as 
much energy as the laser provided (known as 
gain=1), and finally produce an overall energy 
yield of 5 megajoules (MJ) by the end of Sep- 
tember—the end of NIF’s initial research pro- 
gram called the National Ignition Campaign 
(NIC). But a document known as a Baseline 
Change Proposal, signed by NIF Director 
Edward Moses on 21 December 2011, would 
delete this third goal from the NIC schedule 
and push its two remaining milestones back 
by 3 months each. 

Moses said this week that the changes 
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were a scheduling, not a physics, issue. NIF 
has other priorities apart from fusion igni- 
tion: It simulates nuclear explosions to help 
ensure the effectiveness of the nuclear stock- 
pile and is also used for basic science exper- 
iments. Moses says there is high demand 
from these other users. “People wanted more 
nonignition shots in [early 2012],” he says, 
so he had to negotiate a new schedule with 
NIF’s funders in the National Nuclear Secu- 
rity Administration. 

Moses also downplays the significance of 
eliminating the 5-MJ milestone. Gain=1 has, 
since the early planning of NIF in the 1990s, 
been the working definition of fusion igni- 
tion. Once NIF gets the fuel burning, it should 
just be a matter of finessing the implosion to 
increase the yield to 5 MJ, Moses says. Others 
agree that gain=1 is the key target, but some 
doubt even that milestone will be achieved 
by the end of the NIC in September. And that 
would be politically embarrassing for NIF 
because, as the campaign’s name suggests, 
ignition is one of the key goals of the NIC. 

NIF has been controversial from the start. 
Fusion scientists were only able to propose 
such a big and expensive machine because of 
its parallel role in nuclear weapon stockpile 
stewardship. But some argued that the exper- 
imental fusion program was too ambitious 
and too great a leap from existing techniques 
(Science, 17 April 2009, p. 326). 

Since the facility’s completion, many have 
hailed NIF as a technical triumph, but that 
hasn’t stopped the controversy. One bone of 
contention is the schedule-driven NIC itself, 
which sticks to a set path in order to get to igni- 
tion as quickly as possible (Science, 28 Octo- 
ber 2011, p. 449). The strategy chosen for the 
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Hot zone. NIF’s laser beams heat the inside of the 
hohlraum (illustration) to create an x-ray oven. 


NIC is a technique known as indirect drive. 
The 192 laser beams are shot into the ends and 
onto the inside walls of a small gold cylinder 
called a hohlraum. The energy they deliver 
turns the hohlraum into a hot oven filled with 
x-rays. A plastic sphere the size of a pepper- 
corn containing the deuterium-tritium fuel sits 
at the hohlraum’s center, and the x-ray heat- 
ing causes the plastic to explode, forcing the 
fuel inward and compressing it. Getting that 
implosion just right to cause ignition is hugely 
complicated and depends on many variables 
in the beam, hohlraum, and capsule. 

Retired physicist Stephen Bodner, former 
head of laser fusion at the Naval Research 
Lab, is one of those concerned about the NIC. 
Based on presentations by NIF researchers at 
plasma physics meetings, Bodner concludes 
that indirect drive “is almost certain to fail.” 
NIF researchers “have not really faced up to 
the problems they have,” he says. 

One of the strengths of indirect drive is 
that converting the laser light to x-rays in 
the hohlraum smoothes out imperfections 
in the laser beams, although this conversion 
does waste much of the beams’ energy. That 
was expected, but critics point out that other 
processes in the hohlraum seem to be divert- 
ing more energy from the job of imploding 
the capsule. “Energy is going in places they 
don’t want or in forms they don’t want it,” 
says a fusion researcher who asked not to 
be identified. 

Even former DOE Under Secretary for 
Science Steven Koonin had doubts about 
NIF’s progress. In a memo dated 8 November 
2011, following his fourth review of the NIC, 
Koonin noted: “Surprises encountered on the 
path to ignition make it impossible to predict 
confidently the rate of progress on those issues 
of greatest concern to the NIC and so ignition 
by the end of [fiscal year 2012] is not assured.” 

Bodner and researchers in other laser 
fusion labs favor the alternative approach of 
direct drive: shining NIF’s laser beams straight 
onto the fuel capsule. Although this demands 
higher beam quality, more beam energy goes 
into compressing the fuel. 

The NIF team is making good progress, 
according to Moses. “It’s a very hard prob- 
lem,” he says. “But we have the capability to 
do good experiments on the path to ignition.” 
The team has carried out 15 realistic shots 
with damped-down fusion fuel, improving the 
quality of the implosion by a factor of 100, 
Moses notes. “There’s another factor of 10 to 
go. If it’s there, we'll get it.” 

—-DANIEL CLERY 
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China Makes Waves With Ambitious Ocean Research Plan 


SHANGHAI—Last July, when the Jiaolong 
submersible plunged 5000 meters below 
the Pacific Ocean waves, China joined an 
elite set of nations capable of crewed explo- 
ration of the deep sea. Jiaolong’s program 
this coming summer will be even more eye- 
catching. First, the sub will attempt a world 
record—breaking dive 7000 meters below sea 
level; then it will carry out its first research 
mission in a region of high scientific and 
political significance: the South China Sea. 
The target is enticing. Its sediments hold 
clues to the evolution of the East Asia mon- 
soon and how tropical conditions over the 
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eons have influenced global climate pat- 
terns. To tackle these questions, China has 
just embarked on South China Sea Deep, an 
8-year, $24 million project feted last month 
at the American Geophysical Union’s fall 
meeting in San Francisco. Complementing 
Jiaolong’s dives will be research cruises in 
the area this spring with France and Germany. 
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And China is leading an Intergovernmental 
Oceanographic Commission (IOC) project 
on the dynamics of as much as 570 million 
tons of sediments that rivers disgorge into the 
South China Sea each year. 

But politics cast a shadow over these 
efforts. China claims sovereignty over a wide 
swath of the South China Sea, which has 
sparked territorial disputes with six neigh- 
bors. At stake are rich fishing grounds and 
seabed resources, including gas hydrate 
reserves. Last November, U.S. Secretary of 
State Hillary Clinton irritated China when she 
offered U.S. help in mediating disputes; China 
reiterated its stance that it would negotiate 
only bilaterally. Meanwhile, a few Chinese 

scientists have raised hackles by includ- 
ing in publications maps depicting 
China’s territorial claims— 
reportedly at the gov- 
ernment’s behest. 
“Southeast 
Asian nations 
are carefully 
monitoring the 
expanding geo- 
political influ- 
ence of China in this 
S region. One is aware that 
scientific data could be crucial 
in supporting territorial claims,” 
says Edlic Sathiamurthy, a hydrologist 
at University Malaysia Terengganu who is 
involved in the IOC sediment study. 

Long-simmering tensions complicate 
research. “There are serious difficulties as 
a result of territorial claims,” Sathiamurthy 
says. Sampling in Malaysia’s Exclusive Eco- 
nomic Zone, he says, requires approval from 
the National Security Council. When work- 
ing with foreign colleagues, Sathiamurthy 
says, “we are expected to make sure national 
interests and security are safeguarded.” 

Scientists involved in South China Sea 
Deep, which is funded by the National Nat- 
ural Science Foundation of China, say there 
is no hidden agenda and pledge transpar- 
ency. “Data will be shared freely between 
scientists from different countries,” says 
Wang Pinxian, a marine geologist here at 
Tongji University. 

South China Sea Deep is the culmina- 
tion of 2 decades of patient efforts to per- 
suade China’s leaders to pay attention to 
ocean research. “Deep-sea studies were over- 
looked for many years,” says Wang, China’s 
preeminent ocean scientist. A breakthrough 
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came in 1999, when Wang co-led an Ocean 
Drilling Program research cruise in the South 
China Sea. That and subsequent seabed cor- 
ing expeditions have yielded a trove of paleo- 
climate data, putting the South China Sea 
on a par with the Arabian Sea as a place to 
decipher ancient monsoon patterns, says Jian 
Zhimin, director of Tongji’s State Key Labo- 
ratory of Marine Geology. 

Then a few years ago, the central govern- 
ment grew keenly interested in ocean research. 
“Because of the economy,” Wang explains. “If 
the seaways are cut off, we can’t import oil. 
China would be dead.” Another incentive was 
China’s discovery in 2007 of gas hydrates in 
the South China Sea. This summer’s planned 
10-day Jiaolong program will explore gas 
hydrate outcrops at a depth of around 1000 
meters in the South China Sea. 

Jiaolong’s dives will get South China 
Sea Deep off to a flying start. Over the next 
decades, scientists will drill into the seabed 
and use deep-tow measurements to estimate 
the oceanic crust’s age, probe a possible 
mantle plume off Hainan Island, and explore 
the origins of volcanic chains. They will 
also sample methane seeps and characterize 
microbes in the water and sediments. “The 
project is expected to reveal the life history of 
the South China Sea,” Wang says. 

Researchers here at Tongji, a power- 
house in ocean research, note that South 
China Sea is not their sole target. Last 
month, they broke ground on a marine sci- 
ence center at the tip of the Yangtze River 
delta. It will be a staging ground for an 
$80 million sea-floor observatory just off 
shore, in the East China Sea. And they are 
eager to collaborate broadly with scientists 
from Southeast Asian nations, says Tongji 
marine geologist Liu Zhifei, who leads the 
IOC sediments project. Last November, for 
example, Tongji and the Hanoi University 
of Mining and Geology agreed to cooperate 
on education and research in marine geol- 
ogy and geophysics. “Our goal is to develop 
marine geology in Asia, not just China,” 
Wang says. 

Southeast Asian researchers welcome 
such overtures and say they see eye to eye 
with their Chinese colleagues. Research in 
the South China Sea “has a potential to ease 
political tensions if every scientist is trans- 
parent and does not serve some greater geo- 
political agenda,” Sathiamurthy says. “Then 
again,” he says, “it would naive not to be 
careful.” —-RICHARD STONE 
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Research Remains a Favored Child in Budget Decisions 


Another year, another decent budget. 

One year after Republicans won control of 
the House of Representatives by promising to 
slash federal spending, the budgets of most 
research agencies have been left largely intact 
(Science, 23 December 2011, p. 1613). Even 
more striking is a comparison of the new 2012 
budgets with those from 2010, when Demo- 
crats last controlled both houses of 


6.1, jump by 11.2% in 2 years, in line with a 
goal set by former Defense Secretary Robert 
Gates to allocate 3% of the military’s overall 
budget to basic research. 

Despite their perennial hand-wringing, 
most science lobbyists feel that Democrats 
and Republicans are equally well-disposed 
to their arguments. “In a year when money is 


political risk. “Nobody gets criticized for 
being a supporter of science,” he notes. 

A third factor is the decentralization of 
science funding across the federal govern- 
ment. Funding for science is taken up piece- 
meal by Congress each year as it determines 
the budgets for individual agencies, a dozen 
of which support more than $100 million a 
year in research. While in the past 
some have advocated a Department 
of Science as a more efficient mech- 
anism for managing federal dollars, 
the current arrangement serves two 
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ner year the Obama Administration 
had envisioned last February, when 
it asked Congress to give double- 
digit increases to several agen- 
cies as part of an ongoing effort to 
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important purposes. One, it builds 
a bigger political constituency for 
research by making science part of 
the portfolio of many federal agen- 
cies and congressional committees. 
Two, it creates steep obstacles to 


promote the physical sciences and variation among smaller § any attempt to curb spending across 
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can directly control—fell by about 
$50 billion (roughly 5%) over those 
2 years. 

That balanced philosophy 
applies nearly across the board (see graph). 
The new budget for the $7 billion National 
Science Foundation (NSF), for example, is 
2.3% larger than in 2010 (without factoring 
in inflation)—and 8.5% bigger than in a plan 
unveiled last January by House Republicans. 
The Department of Energy’s (DOE’s) Office 
of Science has the same amount to spend this 
year, roughly $4.9 billion, as in 2010—but 
that’s $900 million above last January’s pro- 
posal. The behemoth of U.S. basic research, 
the National Institutes of Health, does suf- 
fer a 1% cut from 2010 levels. But its decline 
is much less than the 4% drop sought by the 
House GOP leadership. The current $5 billion 
science exploration budget at NASA is actu- 
ally 13% bigger than it was in 2010. And the 
Department of Defense, the fifth largest sup- 
porter of basic research in the federal govern- 
ment, has seen its research account, known as 
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tight, we were concerned that research would 
suffer,’ admits Barry Toiv of the Associa- 
tion of American Universities, whose mem- 
bers include most of the largest U.S. research 
universities. “The fact that we did all right 
suggests that legislators understand the 
importance of a strong research enterprise 
to the nation’s long-term economic health 
and that the government has a unique role to 
play.” Toiv says business leaders joined with 
the university community at every opportu- 
nity to deliver that message. 

Science is also “a cheap date,” says Joel 
Widder, a former head of NSF’s legisla- 
tive affairs shop and now a lobbyist for the 
Oldaker Law Group in Washington, D.C. 
The amount of money needed to boost basic 
research at most agencies is relatively small 
compared with the massive federal deficit, 
he points out. And asking for it entails little 


Published by AAAS 


12% 15% 


VOL 335 6 JANUARY 2012 


all $2-billion-a-year climate change 
research program. 

Sometimes opposition to one 
type of research even redounds to 
the advantage of other research programs. 
That was part of the dynamic this year in 
the House, where Republicans fought the 
Administration’s plans to increase applied 
energy research. “We believe the Office of 
Science should be the top funding priority 
among DOE R&D programs and be pro- 
tected from cuts by the Joint [Super] Com- 
mittee,” the House Committee on Science, 
Space, and Technology explained in an Octo- 
ber letter to the so-called Super Committee, 
arguing that the office was a higher priority 
than the fledgling Advanced Research Proj- 
ects Agency—Energy (ARPA-E), a favorite 
of Energy Secretary Steven Chu. In the end, 
however, ARPA-E more than held its own, 
receiving $275 million—half of the Admin- 
istration’s request but 50% more than its cur- 
rent budget. 

The Super Committee was created this 
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summer by Congress to reach a bipartisan 
agreement on a 10-year deficit-reduction 
plan, and its abject failure has triggered auto- 
matic cuts that are supposed to go into effect 
starting in January 2013. The process laid 
out in the Budget Control Act, enacted in 
August, calls for “sequestration” or spend- 
ing cuts of roughly $1 trillion over 9 years, 
divided between domestic and military dis- 
cretionary programs. That would remove 
$35 billion a year from the accounts that fund 


all nondefense programs, including all civil- 
ian science activities. 

That number is the basis for warnings from 
science lobbyists that agency science budgets 
could be slashed by 7% to 8% in 2013 and by 
a similar amount in subsequent years. On the 
other hand, the sequestration’s delayed start 
gives Congress and the White House a full 
year to come up with another way to meet the 
Budget Act targets for reducing the deficit. If 
Congress finds an alternative to the automatic 


cuts, then all bets are off on what science 
agencies will receive in 2013 and beyond. 

Of course, 2012 is also an election year. 
And the betting is that partisan politics will 
squelch any attempt by Congress and the 
White House to reach a long-term budget 
agreement, at least until after the November 
election. But no matter which party controls 
the levers of power in 2013, recent history 
suggests that science will survive. 

—JEFFREY MERVIS 


U.S. GRADUATE EDUCATION 


Cornell's Plans for the Big Apple 
Rely on Quality, Cash, and Dreams 


Now comes the hard part. After besting some 
of the world’s top universities in a months- 
long competition and winning access to some 
of the choicest real estate on Earth, Cornell 
University and Technion-Israel Institute of 
Technology must actually build the applied 
research university that, they hope, will trans- 
form New York City into Silicon Valley East. 

In December 2010, New York Mayor 
Michael Bloomberg offered land and 
$100 million in incentives to institutions will- 
ing to build a new graduate applied science 
and engineering school in the city. Seventeen 
groups of elite research universities—from 
the United States, India, South Korea, Can- 
ada, and Europe—submitted proposals, and 
Stanford University, with its roots in Silicon 
Valley, was widely touted as the favorite. 

On 19 December, only 3 days after Stan- 
ford unexpectedly pulled out of the com- 
petition, Bloomberg chose Cornell and 
Technion’s bid to builda4.5-hectare campus on 
Roosevelt Island, between Manhattan and 
Queens. It certainly didn’t hurt that Cornell 


pledged to invest $2.1 billion over 30 years in 
the project, nor that its president, David Skor- 
ton, demonstrated the university’s fundraising 
prowess by announcing a $350 million gift 
from billionaire Charles Feeney only a few 
hours after Stanford bowed out. 

The new campus, dubbed NYCTech, 
could support up to 280 faculty members and 
2500 students by the 2040s, say Cornell offi- 
cials. These students and researchers would 
focus on science, mathematics, and com- 
puter science with commercial applications 
that the city hopes will generate $23 billion 
in economic activity over 30 years, including 
$1.4 billion in taxes. Their presence would 
increase the number of graduate engineering 
students in New York City by 70%, according 
to the mayor’s office. 

Cornell has proposed creating a series 
of interdisciplinary hubs, says Daniel 
Huttenlocher, dean of Cornell’s school of 
computing and information science, who 
helped craft the school’s bid. The hubs will 
likely change each decade, he says. The ini- 


Published by AAAS 


Big plans. New York Mayor Michael Bloomberg (left) 
congratulates the presidents of Cornell and Technion 
on their winning proposal for an applied science 
campus in the city. 


tial trio will consist of “connective media,” 
focused on providing new ways for people to 
interact socially; “healthier living,” focused 
on providing technologies for day-to-day 
and preventative medicine; and the “built 
environment,” focused on making our daily 
physical environment more energy-friendly 
or comfortable. 

Huttenlocher says the hubs will have their 
roots in traditional academic departments, 
especially applied mathematics, computer 
science, operations research, information sci- 
ence, and electrical and computer engineer- 
ing. Those choices play to Cornell’s strengths, 
he says. The latest National Research Coun- 
cil rankings of U.S. graduate programs, 
drawn from data collected in 2006, list Cor- 
nell among the top five in applied math, the 
top 10 in computer science and in operations 
research, and the top 30 in electrical engineer- 
ing. These rankings compare quite favorably 
with the city’s current lineup of research uni- 
versities (see graphic). 

Opening a New York City satellite campus 
will also help Cornell attract students and fac- 
ulty, says Steven Pedigo, director of research 
at Creative Class, a think tank that studies 
urban life. Cornell’s hometown of Ithaca “is 
sort of isolated,” he says, but New York City 
has amenities such as hip restaurants and art 
institutions that creative young people crave. 
Plus, Cornell officials say the university’s 
medical school in Manhattan and the 50,000 


6 JANUARY 2012 VOL335 SCIENCE www.sciencemag.org 


CREDITS (LEFT TO RIGHT): COURTESY OF CORNELL UNIVERSITY; KRISTEN ARTZ/NEW YORK CITY MAYOR'S OFFICE 


Downloaded from www.sciencemag.org on January 5, 2012 


INFOGRAPHIC SOURCE: NRC, NSF 


NEWS&ANALYSIS 


regional alumni give it strong GOING TOE TO TOE Key: to offer only one joint mas- 
ties to the city. 7 Wi Computer Science |) Applied Math A Math & Computer Science ter’s degree, with Cornell, in 

At the same time, Cornell i Electrical and Computer Engineering A Engineering applied science. Technion’s 
will need to grow significantly CORNELL UNIVERSITY Faculty size** Number of Ph.D /year* biggest contribution, Hutten- 
to meet its goals. The five _—_ Ranked by: 60;  Total=155 30 al = 43.6 locher says, will be to bring a 
departments that will form the Program quality* more global perspective to the 
core of the new campus contain a] fo campus and also to make it 
about 200 faculty members | a mo Gm Oe 10 more likely that research done 
and enroll roughly 750 gradu- Sere 3 4 there eventually translates 

unding 


ate students. So a fully operat- 
ing NYC campus would more 


COLUMBIA UNIVERSITY 


into jobs and economic activ- 
ity. In the past few decades, 


than double the current faculty Faculty size Number of Ph.D /year Israel has transformed itself 
and more than triple graduate 607 Total = 70 30 al = 23.4 from an agrarian economy to 
enrollment in those fields. Hut- Hicarami quality 0 0 arich high-tech economy, and 
tenlocher says that the home ae | Huttenlocher says Technion 
programs in Ithaca willlikely [9 "@  @  # wo 10 i provided much of the skilled 
grow as well, requiring even a4 | sing 0 0 workforce needed to accom- 
more hires. plish that transformation. 
Reaching those targets Despite its small size, Israel 
won’t necessarily transform AE eek Ue venelly Faculty size Number of Ph.D/year ranks fourth—behind only the 
New York City’s economy, ; : ss world’s top two economies 
however, says Gina Neff, eT 40 0 (the United States and China) 
an assistant professor in the | and Canada—in the number 
department of communica- 1 2 40 60 M0 of companies listed on the 
tion at the University of Wash- A Funding 0 NASDAQ stock exchange. 
ington, Seattle, and author Half of those NASDAQ com- 
of Venture Labor, an upcom- _gyny GRADUATE CENTER Faculty size Number ofPhDjyear Paes are run by Technion 
ing book about New York’s 60 graduates, says the school, and 
tech boom in the 1990s. Neff ia companies headed by Tech- 
says that NYCTech must part- nion alumni employ about 
ner with established New Program quality 2” 85% of the high-tech employ- 
York City industries to exert = 0 ees in Israel. The school’s 
the economic impact that technology transfer office also 
40 60 80 


Bloomberg envisions. Cor- ! 2 
nell’s three hubs, as described 
by Huttenlocher, shrewdly tar- 
get the city’s strong media, 
health care, and design indus- 
tries. But Neff notes that “it 
takes so many factors to get to 
an innovative region. If build- 
ing a campus alone were the key, many cities 
would have already gotten there.” 

Take Pittsburgh and Urbana-Champaign. 
Neff says Carnegie Mellon University and 
the University of Illinois provide those cities 
with “amazing engineering centers,” but no 
one would call them tech capitals. “I suspect 
Cornell’s leadership has a different agenda in 
wanting to advance Cornell University and 
being able to plant a larger flag in New York,” 
she says. But increased name recognition, 
prominent faculty members, and supportive 
alumni won’t necessarily translate into thou- 
sands of new jobs for the region, she warns. 

New York City’s high rents and red tape 
make it a difficult place to launch new busi- 
nesses, she adds. Entrepreneurs have com- 
plained to her that even arranging for utilities 
can be a struggle. 

Huttenlocher admits that “it’s not a given 
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Coming to NYC. The programs that Cornell University expects to jump-start its new 
graduate campus on Roosevelt Island compare favorably to those at three existing uni- 
versities in the city on overall quality, research funding, size of faculty, and annual pro- 
duction of Ph.D.s. 


that great students will stay nearby” and work 
in New York. But the requirement that stu- 
dents work with industry mentors during their 
graduate training should improve the chances 
that they will remain in the region after grad- 
uation, he predicts. NYCTech will also pro- 
vide up to $150 million in seed money to 
local start-ups. As a comparison, roughly 
26% of Massachusetts Institute of Technol- 
ogy engineering graduates chose Massachu- 
setts as the site of their start-up company, 
according to a recent study, and Huttenlocher 
says NYCTech is aiming to better that mark. 
The mayor’s office hopes NYCTech will pro- 
duce 600 start-ups over 3 decades, generating 
30,000 permanent jobs. 

Technion’s role in the campus appears to 
be minor compared with Cornell’s. It will 
put up very little of the cost of construc- 
tion and operations, and as of now plans 
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files for roughly 300 patents 
per year. 

However, some question 
how much credit Technion 
should receive for fueling the 
country’s tech boom, which 
drew from many sources. 
Daniel Isenberg developed 
the first course on technology-based entre- 
preneurship at Technion in 1987 and is now 
a professor of management practice at Bab- 
son Global, a subsidiary of Babson College 
in Wellesley, Massachusetts. “It wasn’t like 
Technion set up the companies or did any- 
thing to foster them,” he says. 

One sure bet is that the campus will trans- 
form sleepy Roosevelt Island, and quickly: 
NYCTech plans to open its first building 
there in 5 years. (Cornell has also promised to 
start offering classes next fall, in temporary 
quarters.) But it remains to be seen whether 
NYCTech can truly transform the city’s eco- 
nomic identity. Bloomberg’s attempt to cre- 
ate a tech boom with one project is “a bit 
chauvinistic,” Isenberg says. “It’s the mayor’s 
dream,” he adds, “but it’s not clear if he can 
have his dream.” 

—-SAM KEAN 
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GROWING BREAST CANCER CELLS IN THE 
lab has been a revelation to Vuk Stambolic. 
The protocol he follows is decades old and 
widely used, but there’s a puzzle at its core. 
The recipe calls for a large dose of glucose, 
a growth factor called EGF, and insulin. Add 
these to tissue culture, and tumor cells will 
be fruitful and multiply. A curious thing hap- 
pens if you try to wean the tumor cells off 
insulin, however: They “drop off and they 
die,” says Stambolic, a cancer researcher 
at the University of Toronto in Canada. 
“They’re addicted to [insulin].” 

What makes this so “bizarre,” Stambolic 
says, is that this behavior is totally unlike 
that of the healthy breast cells from which 
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~ Unraveling the 


~~. Obesity-Cancer 
~ Connection 


A growing body of research shows that insulin 
and a related hormone play a key role in fueling 
tumors. They also may be a link between obesity, 
diabetes, and cancer 


these tumor cells are derived. Normal cells 
are not sensitive to insulin—or at least not 
nearly to the same degree. They don’t have 
insulin receptors, and they lack key ele- 
ments of the insulin signaling pathway 
necessary to make insulin outside the cell 
immediately relevant to what goes on inside. 
Indeed, normal cells thrive without insulin. 
By contrast, the tumor cells in culture can’t 
live without it. 

This observation, although not original, 
is one of the insights that drew Stambolic 
to investigate the tumor-promoting effects 
of insulin. It has led him to spend the past 
decade studying a signaling pathway that is 
activated by insulin in healthy muscle, fat, 
and liver cells. Named for one 
of its key components—the 
PI3 kinase pathway—it also 
happens to be among the most 
frequently mutated pathways 
in human cancers. 

Insulin, a hormone pro- 
duced in the pancreas, is more 
commonly known for its role 
in diabetes. But its reputa- 
tion may be changing. Insulin 
and a related hormone known 
as insulin-like growth fac- 


Peculiar dependency. Vuk Stam- 
bolic says that breast tumor cells 
seem “addicted” to insulin. 


High burn. A PET scan lights up the brain where 
cancer cells are consuming glucose at a rapid rate. 


tor (IGF) are now at the center of a growing 
wave of research around the world aimed at 
elucidating what many scientists consider to 
be their critical role in fueling a wide range 
of cancers. Elevated levels of insulin and IGF 
are also the leading candidates to explain a 


: significant correlation 
Online 


in epidemiology that 
; has gained attention 
sciencemag.org over the past 30 years: 
 rekasisev™ Obese and diabetic 
Gary Taubes. individuals have a far 
higher risk than lean 
healthy people of getting cancer, and when 
they do get it, their risk of dying from it is 
greater. And now that obesity and diabetes 
rates are skyrocketing, the need to under- 
stand this link has become far more urgent. 
The correlation between obesity and cancer 
can be found in the medical literature going 
back for several decades. But it wasn’t until 
2004 that two cancer epidemiologists put it 
all together, says Robert Weinberg, a cancer 
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researcher at the Massachusetts Institute of 2 


Technology (MIT) in Cambridge. An article 
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that year in Nature Reviews Cancer by Rudolf 8 


Kaaks, then of the International Agency for 
Research on Cancer, and the late Eugenia 


Continued on page 30 
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Calle of the American 
Cancer Society “laid down 
a challenge to the rest of 
us ... to determine why 
obesity is such an impor- 
tant determinant of cancer 
risk,” Weinberg says. 

The message of this 
research is straightforward, 
Kaaks says: Excess body 
fat seems to account for 
between one-quarter and 
one-half of the occurrence 
of many frequent cancer 
types—breast, colorectal, 
endometrial, renal cell, and 
adenocarcinoma in the esophagus, in partic- 
ular. Kaaks adds, “The list is growing.” 

“The magnitude of the effect is huge,” 
in large part because obesity and diabetes 
are now so common, says Michael Pollak, 
an oncologist at McGill University in Mon- 
treal, Canada. It seems that cancer “loves the 
metabolic environment of the obese person,” 
Pollak says. Epidemiologic studies have also 
found that not only is type 2 diabetes asso- 
ciated with increased cancer incidence and 
mortality but so are circulating levels of 
insulin and IGF. 

Recent drug studies have sharpened the 
picture: Type 2 diabetics who get insulin 
therapy or drugs to stimulate insulin secre- 
tion have a significantly higher incidence of 
cancer than those who get metformin, a drug 
that works to lower insulin levels (see side- 
bar on metformin, p. 29). There’s a large and 
growing body of evidence implicating insu- 
lin and IGF in cancer, Pollak says, “and it’s 
causing a lot of people to stay up at night 
thinking about it.” 


Parallel worlds 

Researchers have recently upped their inter- 
est in the idea that insulin and IGF drive can- 
cer in part because other hypotheses of cancer 
causation have failed to pan out. W. Robert 
Bruce, for instance, a cancer researcher at the 
University of Toronto, embarked in the late 
1970s on what he described as a lengthy and 
fruitless search for mutagens in the diet and 
environment that might be responsible for 
colon cancer. “About a ton of feces later,’ he 
says, he had found nothing. 

Now many cancer researchers, includ- 
ing Bruce, have come to believe that, 
whatever the carcinogenic substances 
or factors are, they mostly work not by 
directly damaging DNA but by promoting 
tumor development through a change in 


New on the radar screen. 
Robert Weinberg says the 
link between obesity, insulin, 
and cancer is compelling but 
not well understood. 


the hormonal environment around incipi- 
ent tumor cells, increasing, for instance, 
insulin and IGF levels in the circulation. 
“There is a change in the endocrine and 
growth factor environment of cells,’ Kaaks 
says, “that pushes cells to proliferate further 
and grow more easily” and to evade built-in 
programs that cause normal cells to die. 

To learn about the research on insulin, IGF, 
and cancer, Bruce says he had to read the dia- 
betes literature—and what he found was a 
parallel universe. “It was a complete edifice 
of research in and of itself, not linked by any 
papers with the edifice of research in the can- 
cer field—two big towers.” 

A few bridges have been built between 
these two parallel worlds, however. One con- 
nects cancer to diet and obesity. It was not 
obesity’s harmful effects that first drew can- 
cer researchers’ attention but the flip side: 
the observation that tumor growth in ani- 
mals is inhibited if not prevented entirely if 
the animals are semistarved. Peyton Rous, 
who would later win the Nobel Prize for his 


discovery of tumor-causing viruses, was the 
first to make the observation. It was confirmed 
in 1942 by Albert Tannenbaum, a Chicago 
pathologist, who demonstrated that feeding 
rats a diet just sufficient to keep them alive 
markedly increased their life span, in part by 
inhibiting tumors. 

Tannenbaum suggested that a likely 
mechanism was a phenomenon known as 
the Warburg effect, in which cancers adopt 
an inefficient type of metabolism commonly 
used by bacteria, known as aerobic glycolysis 
(see sidebar, p. 31). It goes along with a sig- 
nificant increase in the use of glucose for fuel 
by the cancer cells. In semistarved, growth- 
stunted animals, Tannenbaum proposed, the 
tumors could not obtain the huge amounts of 
blood sugar they need to fuel mitosis, division 
of the nucleus, and continue proliferating. 

In the decades since, researchers have 
debated whether the amount of blood sugar 
available to the tumor could be a driving or 
limiting factor in tumor development. But pos- 
itron emission tomography scans of patients 
given fluorodeoxyglucose, a traceable analog 
of glucose, show that tumors continue to burn 
high amounts of glucose even if the blood glu- 
cose levels in the patients themselves are rela- 
tively low. “There’s always plenty of glucose 
around,” says Chi Dang, a cancer researcher 
at Johns Hopkins University (JHU) in Balti- 
more, Maryland, “so it’s got to be something 
else’ fueling the tumors. 


Cancer accelerant 

That insulin and IGF may be the relevant 
“something else” that fuels cancer is a rela- 
tively new idea. But the evidence, as Bruce 
points out, has been accumulating for 
decades. In the mid-1960s, researchers dem- 
onstrated that insulin acts as a promoter of 
growth and proliferation in both healthy and 
malignant tissues. By the late 1970s, C. Kent 
Osborne, then at the National Cancer Insti- 
tute, and his colleagues reported that a line 
of particularly aggressive breast cancer cells 
were “exquisitely sensitive to insulin” and 
that breast cancer cells express insulin recep- 
tors, even though the cells from which the 
tumors derive do not. 

“You find the highest level of insulin 
receptors in liver, muscle, and fat tissue natu- 
rally,” says Lewis Cantley, director of the Beth 
Israel Deaconess Medical Center at Harvard 
Medical School in Boston. Cantley originally 
trained as a biophysical chemist and found 
himself working on the link between obesity, 
diabetes, and cancer when he started studying 


Bad signals. Lewis Cantley suspects that a dysfunc- 
tional PI3K pathway may be behind many cancers. 
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Warburg effect. Healthy tissues (/eft) get energy 
through the efficient process known as oxidative 
phosphorylation. Tumors (right) use aerobic glycoly- 
sis, the so-called Warburg effect, which is inefficient 
but seems to enable proliferation. 


how hormones and growth factors regulate 
cell metabolism. Low levels of insulin recep- 
tors, he says, can be found in half a dozen 
other healthy tissues as well, but that’s it. So 
the abundant presence of insulin receptors in 
prostate cancer, colorectal cancer, and breast 
cancer cells, among other cancers, is signifi- 
cant, Cantley says: “They must be there for 
a reason; they must be helping to grow the 
tumor. And one thing they’re doing is giving 
cancer cells the ability to take up glucose at 
a higher rate.” 

The second suspect in this scenario, the 
hormone IGF, was discovered in the late 
1950s; its designation “insulin-like” wasn’t 
made for another 20 years after that. IGF’s 
structure is similar to that of insulin, and its 
effects can mimic those of insulin. But its 
secretion is stimulated by growth hormone, 
says Derek LeRoith, a diabetologist who now 
runs the Metabolism Institute at the Mount 
Sinai Medical Center in New York City. 

In the early 1980s, researchers discov- 
ered that tumor cells typically have two to 
three times as many IGF receptors as healthy 
cells, making them much more responsive to 
the IGF in their immediate environment. In 
rodents, functioning IGF receptors appear 
to be a virtual necessity for cancer growth, 
according to Renato Baserga of Thomas 
Jefferson University in Philadelphia, Penn- 
sylvania, who “stumbled” upon the discov- 
ery in the late 1980s. Shutting down the IGF 
receptor in mice leads to what Baserga calls 
“strong inhibition, if not total suppression of 
[tumor] growth”; it is particularly lethal to 
tumors that have already metastasized from a 
primary site elsewhere in the body. 

LeRoith has genetically engineered mice 
so that their livers do not secrete IGE, result- 
ing in one-quarter of the IGF concentration 
in their circulation compared with normal 
mice. When colon or mammary tumors are 
transplanted into these mice, according to 
LeRoith, both tumor growth and metastasis 
are significantly slower than when identical 
tumors are implanted in normal mice with 
normal IGF levels. When IGF is injected into 
these genetically engineered mice, tumor 
growth and metastasis accelerate. 

The consensus among those researchers 
studying the role of insulin and IGF in cancer 
is that these hormones supply both the fuel 
necessary for tumors to divide and multiply 
and the signals to continue doing it. 
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The focus on obesity, cancer, and hormones has kindled a wide interest in the metabolism of cancer 
cells and particularly in work done in the 1920s by the German biochemist and later Nobel laureate 
Otto Warburg. Warburg observed that tumor cells can survive without oxygen and generate energy 
by a relatively inefficient process known as aerobic glycolysis. This conversion of cancer cell metabo- 
lism to aerobic glycolysis has been known as the Warburg effect ever since. It is akin to how bacteria 
generate energy in the absence of oxygen, although cancer cells do it even when oxygen is present 
(hence “aerobic”). Rather than converting glucose to pyruvate and burning that with oxygen in the 
cells’ mitochondria, the pyruvate is converted to lactate in the cells’ cytoplasm outside the mito- 
chondria, and no oxygen is used. The process yields only one-ninth the energy, four ATP molecules 
instead of 36, from each molecule of glucose. 

One result is that cancer cells have to burn enormous amounts of glucose to thrive and multiply. 
This abnormally high glucose consumption is what's detected by the imaging technology known as 
FDG PET when it’s used to identify where tumors might have spread in the body. Warburg hypothe- 
sized that the high-glucose metabolism is what drives cancer. But there has always been, and still is, 
significant controversy about why cancer cells use it: What's in it for them, if it’s such an inefficient 
means of supplying energy? And how can we tell whether it is a byproduct of the cancer or a cause? 
Most researchers studying the Warburg effect now believe that the signaling pathways driving it are 
the insulin and insulin-like growth factor pathways. The question they’re still hoping to answer is 
which comes first: the metabolism change or the cancer? -GT. 


A third conspirator 
An additional player has been identified as a 
key member of this particular network that 
influences metabolism, growth, and cancer: 
the enzyme PI3 kinase, discovered by Cantley 
and his colleagues in the mid-1980s. PI3K lies 
in the insulin signaling pathway and is acti- 
vated by both insulin and IGF. Through its 
effect on other molecules, PI3K effectively 
regulates a cell’s sensitivity to insulin. When 
PI3K is activated, insulin is more effective at 
stimulating the transport of glucose into cells. 
PI3K also turns out to play a major role in 
cancer—a discovery that came in a series of 


steps in the late 1990s. The finding that “put 
PI3K on everybody’s radar screen as some- 
thing important in human cancer,” Cantley 
says, was the realization that it is linked with 
a tumor suppressor gene called PTEN. Iden- 
tified in 1997, PTEN is “the most frequently 
deleted gene in a whole host of advanced 
human cancers,” Cantley says. 

When researchers set out to elucidate what 
exactly the intact PTEN was doing to sup- 
press tumors, they learned that it counteracts 
the work of PI3K. It removes a phosphorus 
atom from the fat molecule that PI3K makes, 
an effect equivalent to decreasing the influ- 
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ence of PI3K itself. And it turns out, as Victor 
Velculescu, a geneticist at JHU, has demon- 
strated, PI3K itself is commonly mutated—in 
a way that bypasses normal mechanisms for 
turning it off—in colon cancer and a host of 
other cancers as well, including breast, lung, 
brain, and ovarian cancers. 

The point, Cantley says, is that research- 
ers have identified two general ways that 
work to step up activation of the PI3K path- 
way: by mutations such as those that alter 
PTEN or by abnormally elevated levels of 
insulin and IGF in the circulation. Most 
obese individuals have elevated insulin and 
IGF levels, as do type 2 diabetics. When 
PI3K signaling is increased, cells take up 
more glucose and may convert to 
a high-glucose metabolism—the 
aerobic glycolysis described by 
Warburg. It may be an inefficient 
means of generating energy, 
Cantley says, but it doesn’t mat- 
ter to the cell because the insulin 
makes sure it has considerable 
glucose to burn. 

So what’s in it for the cancer 
cells? The answer, according to 
Cantley, appears to be that the 
carbon backbones of the glucose 
molecules are shunted aside dur- 
ing aerobic glycolysis rather than 
burned for fuel, and these carbon 
backbones can then be used to 
make new fatty acids. 

Normal fat cells do the same 
thing when they burn glucose: 
They preserve the carbon back- 
bone for storing fatty acids as triglycerides, 
Cantley says. In cancer cells, the fatty acids 
are used to build new membranes for daugh- 
ter cells. The glucose is also used to make new 
DNA and protein for the cells. So the cancer 
cells are effectively trading off an inefficient 
means of producing energy for a means of 
obtaining the resources necessary to create 
new cancer cells. It’s a tradeoff they can easily 
afford because there’s so much glucose now 
pouring in. “Remember, cancer cells have 
to duplicate themselves,” JHU’s Dang says. 
“So this way you see the interplay between 
energy production and at the same time pro- 
viding the skeletons, the building blocks for 
the cancer cells.” 

These researchers now suggest that it may 
make sense to divide tumors into two types, 
like diabetes: insulin-dependent and insulin- 
nondependent. If there are no mutations 
enhancing the activity of the PI3K pathway, 
Pollak says, then the cancer process will be 
dependent on the insulin and IGF in the cir- 
culation. “But if PI3K is mutated,” he says, 


“that cell is going to be highly prolifera- 
tive, highly aggressive, and it couldn’t give a 
damn about the insulin environment.” 

Recent evidence of the power of this sig- 
naling pathway comes from work by David 
Sabatini of MIT’s Whitehead Institute and 
Nada Kalaany, who’s now at Children’s 
Hospital Boston. In 2009, they showed that 
PI3K appears to determine whether a tumor 
responds to calorie restriction. When they 
induced different types of human cancers in 
mice and then put the mice on semistarvation 
diets, some of the tumors shrank in response 
and some didn’t. Tumors grew less in the 
mice with low PI3K pathway activity, more 
in those with high activity. 


Full circle. By tweaking insulin signaling, Craig Thompson and others have 
induced high-glucose metabolism in mice. 


For cancers with one of the mutations that 
activates the PI3K pathway, Sabatini says, cal- 
orie restriction has little to no effect because 
the insulin signaling is turned on anyway. 
These cancers are resistant to changes in insu- 
lin levels. “In obesity,’ Sabatini says, “there 
are many things going on, but one of them 
is hyperinsulinemia [high circulating levels 
of insulin], and that is going to be an impor- 
tant driver of tumor genesis in animals or peo- 
ple. It’s like mimicking the hyperactivation of 
PI3K. Instead of doing it by mutation, you do 
it by having tons of insulin around.” 

The picture that’s emerging now, Dang 
says—one that’s “clearly simplified and 
needs to be tweaked”—is that many common 
cancer genes when activated may increase 
the uptake of glucose and convert the cell to 
the Warburg-type of metabolism. 


Cause or consequence? 

This still leaves open the question of what 
comes first: the Warburg effect or the muta- 
tions that drive a cell to adopt it. Craig 


Thompson, now president of Memorial 
Sloan-Kettering Cancer Center in New York 
City, has been working on this problem for 
a decade. He believes, as does Cantley, that 
the likely first step in the progression to can- 
cer is the increase in insulin signaling, which 
then induces the Warburg effect. Genetic 
defects follow. Thompson and his colleagues 
have shown that they can induce the Warburg 
effect in the cells of healthy mice, or in cells 
associated with cancer, just by activating 
PI3K and increasing insulin signaling. “If 
you put in components of the insulin path- 
way into these cells,’ Thompson says, “you 
get the Warburg effect.” 

Once this happens and cells have 
_ increased their glucose metabo- 
"lism 10- to 20-fold, Thompson 

says, one result is a significant 

increase in the generation of 
reactive oxygen species—free 
radicals—that can induce muta- 
tions in the genome. Cantley 
describes it as a vicious cycle. 
“The faster you do glucose 
metabolism,” he says, “the more 
likely you are to get free radicals 
that can damage DNA. ... If the 
mutations happen to be in PTEN 
or PI3K, that could make the 
whole system rev up even fur- 
ther, making more free radicals, 
)» causing more DNA damage. So 
you're getting this feed-forward 
acceleration of tumor growth.” 

This hypothesis still has 
plenty of critics—MIT’s Wein- 
berg being the most prominent. Insulin and 
IGF may be the “most attractive mecha- 
nisms” to explain the obesity-cancer link, 
Weinberg says. But he argues that their 
primary role is not to turn on the Warburg 
effect or promote proliferation but to sup- 
press cell-suicide mechanisms. “One of the 
mechanisms,” he says, “by which the body 
protects itself from cancer is by inducing 
incipient cancer cells to kill themselves by a 
variety of mechanisms. One of those mecha- 
nisms is apoptosis, and insulin and IGF acti- 
vate an enzyme that in turn emits a series of 
antiapoptotic signals. A minimal amount of 
IGF is required just to protect normal cells 
from killing themselves. They’re always 
poised on the brink.” 

Still, as Weinberg says, the role of insu- 
lin and IGF in cancer only “recently came on 
the radar screen” of most cancer research- 
ers. “The epidemiology connecting obesity 
with cancer is very compelling,” he says. But 
“our understanding of the mechanism is still 
pretty soft.” -GARY TAUBES 
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Cancer Prevention With a Diabetes Pill? 


In 2005, Andrew Morris and his colleagues at the University of Dundee in the 
United Kingdom were following up on therapy for type 2 diabetes patients 
when they reported results that have since set the world of cancer research 
abuzz. They found that use of an insulin-lowering drug known as metformin 
was associated with a significant decrease in cancer incidence. Since then, half 
a dozen studies have confirmed it: Diabetics treated with metformin have from 
25% to 40% less cancer than those who receive insulin as therapy or take sul- 
fonylurea drugs that increase insulin secretion from the pancreas. 

The idea that reducing insulin and insulin-like hormones in circulation 
may prevent tumors has become a bright hope for drug research. A host of 
insulin-suppressing drugs are in the pharmaceutical industry pipeline, says 
Lewis Cantley, director of the Cancer Center at Beth Israel Deaconess Medical 
Center, which is part of Harvard Medical School in Boston. But the companies 
may have been beaten to the punch: “Metformin may have already saved 
more people from cancer deaths than any drug in history,” he says. It is one of 
the oldest and most commonly prescribed antidiabetic therapies in the world; 
some 120 million prescriptions are written for it yearly. 

There is a caveat to the observational research linking metformin use to a 
decrease in cancer incidence, however: Studies of this kind are incapable of 
establishing a causal relationship. Maybe metformin prevents cancer in type 2 
diabetics. Maybe insulin and the sulfonylurea drugs given instead of metfor- 
min promote cancer risk. Maybe something else entirely is going on. 

Metformin activates an enzyme called AMPK in the liver, which then reduces 
the organ’s synthesis and secretion of glucose, and thereby lowers blood glu- 
cose levels. But the drug also stimulates a tumor suppressor gene known as 
LKB1. Two University of Dundee biochemists, Dario Alessi and Grahame Hardie, 
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Dual use. Widely prescribed and cheap, metformin lowers insulin and, 
it appears, the risk of cancer. 


worked out the AMPK-to-LKB1 connection; Cantley and Reuben Shaw of the 
Salk Institute for Biological Studies in San Diego, California, did so indepen- 
dently. This connection was what prompted Morris to study cancer incidence in 
diabetics who are taking metformin. 

As often happens in science, however, the physical mechanism may well 
be different from the hypothesized one. Instead of inhibiting cancer by acti- 
vating AMPK and then LKB1, say Cantley and other researchers, metformin 
seems to work directly by lowering insulin and insulin-like growth factor 
(IGF) levels. “Metformin decreases glucose in the blood, and, as a second- 
ary effect, decreases insulin levels,” says Michael Pollak of McGill University 
in Montreal, Canada. 

Evidence for that mechanism comes from animal studies. In September 
2010, Phillip Dennis and his colleagues at the U.S. National Cancer Institute 
reported that metformin reduced lung cancer in mice that had been injected 
with potent tobacco-related carcinogens. But, as Dennis and his colleagues 
reported in the journal Cancer Prevention Research, they found no sign that 
metformin was activating AMPK in the lung tissue, as would be expected if that 
was the mechanism of action. In the liver, though, Dennis says, AMPK activa- 
tion by metformin was “profound,” and both insulin and IGF levels in the circu- 
lation were suppressed. The results, Cantley says, “support the hypothesis that 
anything that lowers insulin and IGF levels will inhibit tumor growth.” 

The results also “provide a strong rationale,” as Dennis and his colleagues 
put it, for a clinical prevention trial. They hope to give metformin to patients 
who have had early stage lung can- 
cer surgically removed and are at 
high risk of cancer recurrence. They 
intend to test the drug for safety, look 
for effects on insulin and IGF, and 
see whether it can prevent cancer in 
humans as it did for mice. 

Other trials are beginning. One 
of the largest is being run by oncol- 
ogist Pam Goodwin of the University 
of Toronto in Canada, who has been 
studying insulin and breast cancer 
since the mid-1990s. Goodwin says 
her interest was sparked after she 
realized that insulin may mediate 
the effects of obesity on breast can- 
cer outcome. Fasting insulin levels 
in nondiabetic women are “predic- 
tive of breast cancer outcomes,” she 
observes: Obese women have high 
insulin levels, and they “do badly.” 

Goodwin's group demonstrated 
6 years ago that metformin low- 
ers blood sugar and insulin levels by 
nearly one-quarter even in women 
who don’t have diabetes. Now Goodwin and her colleagues are running a mul- 
tinational clinical trial in which 3500 breast cancer patients will be randomized 
to receive either usual care plus a placebo or usual care plus metformin, to see 
if metformin helps improve survival and prevent recurrence of the disease. “We 
anticipate that it will take another 2 years to enroll everyone,” she says, “and 
maybe 2 to 3 years after that before we have results.” 

Until then, as Goodwin emphasizes, the best they can say is that metfor- 
min may be beneficial for cancer. “All the preclinical and epidemiological evi- 
dence is pretty consistent and compelling, but all it’s done is help us form a 
hypothesis. We need to proceed from here very, very carefully.” -GI. 


Connecting the dots. Andrew Morris 
and colleagues showed that patients 
on metformin had 25% to 40% less 
cancer. 
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Engineering a New Line of Attack 
On a Signature War Injury 


By jolting neurons in the lab, an Army officer and bioengineer hopes to gain ground 


on traumatic brain injury 


When hijacked planes slammed into the 
World Trade Center towers in 2001, Kevin 
Kit Parker knew he had to do something. 
He’d always had a patriotic streak, and years 
earlier, while a graduate student in applied 
physics at Vanderbilt University in Nash- 
ville, Tennessee, Parker had enrolled in the 
Army Reserve Officers’ Training Corps 
(ROTC). By the time of the attacks, he was 
a postdoctoral fellow, working on cardiac 
electrophysiology at Johns Hopkins Univer- 
sity in Baltimore, Maryland, and in the mid- 
dle of hunting for his first faculty position. 
He felt certain the country would soon be 
going to war, and despite having several job 
interviews on his calendar, he transferred to 
a unit he knew would be deployed. “I wanted 
to get in the game,” he says. 

While waiting to deploy, Parker accepted 
a job at Harvard University. With consider- 
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able trepidation, he asked the dean who’d 
just hired him for an immediate leave of 
absence to go to Afghanistan. It was a very 
unusual request, says then-dean Venkatesh 
Narayanamutti. Few, if any, Harvard profes- 
sors have taken combat leave since World 
War II. But Narayanamurti admired Parker’s 
dedication to national service. “I knew right 
away I would support him,” he says. 

By fall 2002, Parker was leading a team 
that patrolled a 900-square-kilometer swath 
between Kandahar and the Pakistan border, 
providing aid to villagers and searching for 
Taliban and Al Qaeda fighters. He finally 
started his job at Harvard in the summer of 
2003, then deployed again in 2008, putting 
postdocs in charge of running the lab in his 
absence. His deployments caused Parker to 
reconsider the focus of his research and to 
establish a project on a signature injury of 
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the wars in Iraq and Afghanistan: traumatic 
brain injury (TBI). He has been back to 
Afghanistan twice more as part of a panel of 
experts convened to assess how the military 
handles TBI and combat stress. 

The Pentagon estimates that more than 
200,000 U.S. troops have experienced TBIs 
in the recent conflicts, mostly from road- 
side bombs and other improvised explo- 
sive devices (IEDs). The long-term effects 
of these brain injuries won’t be known for 
decades, but there are already worrisome 
hints that TBI may compound the effects of 
combat stress and predispose veterans to the 
type of early-onset dementia seen in foot- 
ball players with a history of head injuries 
(Science, 29 July 2011, pp. 514 and 517). 
Despite the urgency of the problem, frus- 
tratingly little is known about the mecha- 
nisms by which an explosive blast injures 
the brain, Parker says. “I kept seeing guys 
get hit, and I thought, all right, P'll take a 
look at this and see if I can get a better angle 
on the problem.” 


Mission shift 

On a recent morning, Parker’s students and 
postdocs mill about a conference room 
before their weekly lab meeting. They pour 
coffee and set out a plate of jalapefio bagels 
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for Parker, who likes to goad others into eat- 
ing spicy food. He arrives a few minutes 
late, wearing torn jeans and a red Harvard 
baseball cap with the bill folded into a sharp 
crease. A commanding presence at just 
under 6'6” (2 meters), Parker has a boom- 
ing voice that bears more than a trace of his 
upbringing in west Tennessee. He launches 
into a list of lab business he’s scribbled on 
a whiteboard. Some Italian researchers have 
asked about collaborating; so has a team 
from Merck, the pharmaceutical giant. And 
Parker has just returned from a molecular 
medicine conference in Korea. “Y’all make 
some damn fine fried chicken over there,” 
he says to one of his Korean-born post- 
docs. “Hyungsuk, do you make that stuff 
at home?” When he shakes his 
head no, Parker pretends to be 
heartbroken. A second later, he’s 
back to his list. 

When Parker first arrived 
at Harvard, his main academic 
interest was the physical forces 
that determine how cells and tis- 
sues build themselves. His lab 
did cardiac tissue engineering, 
and that’s still the focus for about 
two-thirds of his group. At the lab 
meeting, postdoc Anna Grosberg 
presents a computational tool 
she’s developed for quantifying 
the alignment of sarcomeres, the 
protein fibers that make up mus- 
cle cells. How the fibers line up 
affects how a muscle contracts, 
and Parker thinks the tool could 
be useful for clinical pathologists 
or companies interested in engi- 
neering cardiac tissue for drug 
screens or therapies. In quick 
asides, he quizzes David Coon, 
who handles industry relations 
and intellectual property issues for the lab, 
about the commercialization prospects, 
and asks Sean Sheehy, a grad student with 
a computer science background, how hard 
it would be to incorporate Grosberg’s met- 
ric into a graphical software package. When 
Sheehy says it’s doable, Parker jokingly tells 
him: “This is your project now, baby!” 

Ideas and projects spring up freely in 
the lab. A cotton-candy machine inspired 
a new way for making nanofiber scaffolds 
on which to grow cells (and a 2010 paper 
in Nano Letters). Back in his office, Parker 
shows off a movie on his computer of a 
more recent project: an artificial jellyfish. 
Cut from a polymer sheet coated with rat 
heart muscle cells, its form lacks the organic 
curves of the real thing, but the ghostly flap 


of tissue pulses across the screen with sur- 
prisingly lifelike motion. 

Parker sees his fledgling TBI research 
project as a moral obligation. He saw IED 
explosions firsthand in Afghanistan, and 
he has buddies who’ve suffered the con- 
sequences. When Colonel Geoffrey Ling, 
the program manager who oversees TBI 
research at the Defense Advanced Research 
Projects Agency (DARPA), asked Parker 
in 2006 if he’d ever thought about study- 
ing TBI, he demurred at first. “I said, “There 
have to be better people than me; I’m not a 
brain guy,’” Parker says. But as he started 


reading the scientific literature, he was 
struck by how little was known about what 
happens at the cellular level in a TBI. 


In the thick of it. Parker, here searching for IEDs in Afghanistan, has changed 
the course of his research after two tours of duty. 


Concussion on a chip 

One prevalent idea has been that a blast wave 
or physical blow to the head tears the mem- 
branes of neurons, allowing positive ions to 
rush in and overexcite neurons to the point of 
killing them. Based on his experience with 
tissue engineering, Parker suspected some- 
thing else might be going on instead, or in 
addition. He was surprised to see nothing in 
the research literature about integrins, pro- 
teins in the membrane of all cells that con- 
nect a cell’s internal protein skeleton to the 
scaffold of proteins outside the cell, the so- 
called extracellular matrix. Parker reasoned 
that the force of a blast could propagate 
through this network of proteins, interfering 
with integrins and the many cell-signaling 
pathways they interact with. 


The first challenge was figuring out 
how to go about studying TBI in the lab. 
Researchers have studied TBI by issuing 
blows to the heads of rats, pigs, and other 
animals, but it’s not clear how well those 
experiments replicate what the human brain 
experiences in a car crash or explosive blast. 
Moreover, Parker says, “if I start blowing up 
goats at Harvard, I’m not going to last long.” 
As an alternative, his lab has devised an 
arsenal of devices that can subject cultured 
neurons or slices of brain tissue to carefully 
calibrated forces. “We need to think of ways 
to replicate this on the bench top so you can 
mainstream the science,” Parker says. 

Their early work supports the idea that 
integrins may play a role in TBI. In one 
study, graduate student Matthew 
Hemphill and others put cul- 
tured rat neurons on a stretchy, 
square sheet of silicone that 
could be given a short tug by 
a high-precision motor. These 
tugs subjected the neurons to 
forces that the researchers esti- 
mated would be similar to those 
generated inside the head of a 
soldier exposed to an IED blast. 
Within a few minutes, micro- 
scopic swellings appeared on 
the spindly axons and dendrites 
that send and receive messages 
from neighboring neurons. Axo- 
nal injury is a hallmark of TBI, 
and a diffusion tensor imaging 
study by a different group pub- 
lished 2 June 2011 in The New 
England Journal of Medicine 
found evidence of axon damage 
in U.S. soldiers who suffered 
TBIs in Iraq. Additional experi- 
ments with the cultured rat neu- 
rons implicated a particular 
integrin signaling pathway in this damage. 
Treating the neurons with a drug that inhib- 
its a component of this pathway called Rho- 
kinase reduced damage to neurons after a 
simulated blast, the researchers reported in 
PLoS ONE in July 2011. 

In another study, published 2 August 
2011 in the Proceedings of the National 
Academy of Sciences, a team led by then- 
postdoc Patrick Alford used the same setup 
to investigate the effects of a simulated blast 
on blood vessels. In this case, the research- 
ers used rat muscle cells from the lining of 
blood vessels. When subjected to a sudden 
stretch, these cells flipped a genetic switch 
that made them more likely to contract and 
promoted their proliferation. Both effects 
would tend to clamp down on blood vessels, 
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which could exacerbate a brain injury by 
depriving injured neurons of oxygen, Parker 
says. Again, inhibiting Rho-kinase reduced 
these effects. 

The findings could help clarify something 
that has baffled clinicians, says Jack Tsao, a 
neurologist and neuroscientist with the U.S. 
Navy and the Uniformed Services Univer- 
sity of the Health Sciences in Bethesda, 
Maryland. Blood vessels often constrict after 
a ruptured aneurysm or severe head injury 
causes bleeding into the brain. This response, 
called vasospasm, can cause a stroke by cut- 
ting off the blood supply to areas away from 
the injury. But Tsao says some service mem- 
bers with TBIs exhibit strokelike symptoms 
and other evidence of vasospasm even when 
brain scans show no signs of bleeding. The 
integrin mechanism Parker’s team identified 
might explain how vasospasm can occur in 
the absence of bleeding. 

“These are both very elegant papers,” 
says David Hovda, a neuro- 
scientist and director of the 
Brain Injury Research Center 
at the University of Califor- 
nia (UC), Los Angeles. They 
highlight a potential mecha- 
nism of TBI that hasn’t been 
considered before, Hovda 
says, but one that makes a lot 
of sense and raises interest- 
ing possibilities for treating 
TBI or minimizing its effects 
with drugs. 

On arecent visit, Hemphill 
and lab engineer Josue Goss, 
an Iraq War veteran himself, 
demonstrated a “blast bio- 
reactor” that compresses neu- 
rons instead of stretching them. An alumi- 
num contraption with a piston, it delivers a 
quick punch to cells sandwiched between 
two layers of gel. As a shock wave from a 
blast propagates through the brain, neurons 
may be subjected to this kind of punishment 
in addition to stretching, Hemphill says. 

Parker now wants to recruit three post- 
docs with neuroscience backgrounds to help 
expand his TBI research. One ambitious plan 
is to construct an amygdala on a chip. The 
amygdala is a hub in the brain’s emotional 
circuitry, and the region has been implicated 
in human brain imaging studies of post- 
traumatic stress disorder. Parker wants to 
grow amygdala neurons on a chip and sub- 
ject them to simulated blasts to see whether 
they’re more sensitive to injury than neurons 
in other parts of the brain. 

Parker’s work on TBI led to an invitation 
to join the “gray team,” a panel of experts 
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convened by Admiral Mike Mullen, then 
chair of the Joint Chiefs of Staff, to advise 
the military on issues related to TBI and 
combat stress. Parker traveled to Afghan- 
istan with other team members twice in 
2011. They visited a DARPA field station 
that is testing blast dosimeters to measure 
the forces troops experience in an explosion, 
and they also studied the logistics of bring- 
ing an MRI scanner to Afghanistan so neu- 
rologists can get images of soldiers’ brains 
within hours of a TBI rather than days. 


Postdocs in command 

Parker’s absences have thrust the young 
scientists in his lab into leadership roles 
early in their careers. His second deploy- 
ment to Afghanistan in December 2008 
lasted 8 months. He charged three of his 
most senior postdocs—Alford, Grosberg, 
and Adam Feinberg, who is now an assistant 
professor at Carnegie Mellon University in 


Pittsburgh, Pennsylvania—with overseeing 
a long list of projects and collaborations and 
$2.5 million in grants. Parker got in touch 
when he could by cell phone, about once a 
month. “Sometimes we could hear helicop- 
ters in the background,” says Feinberg, who 
was the person in overall charge. As a group, 
the postdocs managed to keep the lab run- 
ning more or less smoothly, Feinberg says. 
“We would go to breakfast once a week and 
hammer out what was going on with differ- 
ent projects, keeping track of grad students’ 
progress and things we needed to get done 
for grants [and] paper writing.” 

Feinberg says the biggest challenge was 
keeping his own research on track: “My 
bench work suffered.” But he says the expe- 
rience served him well in getting a job and 
setting up his own lab. Alford started a job 
at the University of Minnesota, Twin Cities, 
last year, and Grosberg will begin a job at 
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UC Irvine this spring. “I have a better idea 
what I’m facing,” she says. 

Parker says he tries to prepare his post- 
docs for the next stage in their career by 
pushing them to take on increasing respon- 
sibility for research decisions and mentor- 
ing grad students: “In the military, you’re 
training all the time; you’re developing your 
subordinate leaders.” His military training 
influences the lab in other ways, too, from 
the meticulously clean workspaces to the 
uniformity of the font in PowerPoint slides. 
(“We’re Arial all the way,” says Megan 
McCain, a graduate student. “If you used 
Times New Roman there could be trouble.”) 

Parker acknowledges that his style is 
not for everyone, and not everyone who has 
joined the lab has stuck around as long as 
planned. But he talks passionately about the 
obligation he feels toward those who do. 
He’s taken several veterans of the Iraq and 
Afghanistan wars into his lab. “If you give 


Blast damage. Neurons (red label) subjected to a simulated blast (/eft) exhibit swellings on their axons and dendrites, a sign 
of damage that’s absent in healthy neurons (right). 


them something to do, these kids will not 
stop,” he says. “It raises the professionalism 
of the whole lab.” 

Now 45, Parker has a wife and young 
daughter, and an ever-growing list of respon- 
sibilities on and off campus. He played an 
active role in bringing ROTC back to Har- 
vard after a 40-year absence dating back 
to the Vietnam War, for instance, and now 
serves as the campus coordinator. His lab is 
running at full speed, and he’s eager to see 
the TBI project take off. He doesn’t relish 
the thought of leaving his family or getting 
shot at again, but he says he needs a sense of 
closure on the war in Afghanistan, and per- 
haps, too, on a chapter of his life in which he 
craved more action and adventure than the 
academic lifestyle typically allows. When 
the mission in Afghanistan finally wraps up, 
he says, he wants to be there to see it. 

—-GREG MILLER 
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Results: Future of a Generation 


In October, we called on young scientists to answer th 
change in your lifetime? What will improve and what 


We received more than 100 responses from young sci 


ese questions: How will the practice of science 
new challenges will emerge? 


entists across the globe. Although concerns about 


the future are evident, these scientists spoke passionately about meeting the challenges they face and 
embracing science’s potential to address the world’s problems. We've included a sample of the best 
responses here (ellipses indicate excerpted text). To read more, go to http://scim.ag/NextGenResults. 


Submit Now: Definition of Success 


Would you like to make your voice heard in Science? Our second NextGen VOICES survey is now open. 


We would like to hear your answer to these questions: 


What is your definition of a successful scientis 
your mentor’s generation and your own? 


To submit, go to http://scim.ag/NextGen_2. 


t? How has this definition changed between 


Deadline for submissions is 17 February. A selection of the best responses will be published in the 
6 April issue of Science. Submissions should be 250 words or less. Anonymous submissions will not 


be considered. Please submit only once. 


NextGen Speaks 


... TODAY, UNRAVELING NEW PRINCIPLES OF 
any system or process typically demands 
several smaller steps, each warranting publi- 
cation. The future practice of 

science will traverse smaller 
steps in parallel, through online 
cooperation between experts, 

each tackling smaller steps 

while continuously communi- 

cating findings to their collab- 

orators. This may be envisioned as skipping 
the stairs and, rather, taking an elevator. The 
result? Each paper will contain fewer ques- 
tions and more answers. If communication 
truly erases distance in the scientific com- 
munity, new fields are likely to emerge in the 
intersections between disciplines. Bridging 
the gaps between disciplines such as neu- 
roscience and psychology is one of the tri- 
umphs I personally hope to see happen. 


Again, communication is the key, and it may 
not come easily. The sharing of knowledge in 
a competitive world is perhaps the greatest 
challenge for we who are the next generation 
of scientists. ASGEIR KOBRO-FLATMOEN 
The Faculty of Medicine, Kavli Institute for Systems Neu- 
roscience/Centre for Biology of Memory, Medical Techni- 
cal Research Centre, Norwegian University of Science and 


Technology, 7491 Trondheim, Norway. E-mail: Asgeirfl@ 
gmail.com 


OUR RETIREMENT SPEECH, IN 2045: DURING 
the first part of this century, the economic 
recession burned into the collective memory. 
Society demanded better “value for money” 
from its scientists, requiring them to demon- 
strate the impact of their research on global 
and national challenges. Some of those chal- 
lenges, such as climate change and resource 
depletion, have only partially been met as sci- 
entists have struggled to adapt in a rapidly 
changing world. Academics spent too much 
time doing and too little time thinking; this 


ee 
Bee behavior 


EDUCATION FORUM | 


PERSPECTIVES 


was perpetuated by a tremendous pressure to 
perform and succeed. Deep-thinking spaces 
were eroded by the immediacy of communi- 
cation, and swathes of information and data. 
Science and technology have assisted with 
nature-mimicking algorithms to respond 
to pedestrian tasks like sift- 
ing through e-mail. Virtual 
connectedness increased 
international, cross-institu- 
tional, and multidisciplinary 
research with the merging of 
our social and professional 
lives, but scientists continued 
to grapple with disconnected 
“silo” mentalities and the 
natural-social science divide. 
Self-preservation continued 
to drive research institute 
agendas. The rise of “super-universities” at 
the edge of the open-source revolution was 
always on the horizon. Scientists were so 
busy that they were often blind to what their 
universities were morphing into, although 
things have started to change recently. There 
have been some major successes to celebrate, 
such as the use of desiccation-resistant gene 
technology for plants (developed in South 
Africa), which turned many African deserts 
into productive farmland. Like the first heart 
transplant of the previous century, it shows 
that Africa has much to contribute. 

GENEVIEVE LANGDON* AND CARADEE WRIGHT 


Department of Mechanical Engineering, University of Cape 
Town, Rondebosch 7700, South Africa. 


*To whom correspondence should be addressed. E-mail: 
genevieve.langdon@uct.ac.za 


THE BIGGEST CHALLENGE FACING A GENERA- 
tion of young scientists is breaking free of 
the shackles placed on them by their prede- 
cessors. We are tasked with fixing large dys- 
functional institutions that we are given no 
authority over nor trained to take the reins of. 
We are expected to fix broken peer-review 
systems riddled with small insular cliques. 
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Influencing 
mutation effects 


We are expected not only to flourish in, but to 
be thankful for a funding structure equipped 
with scarce resources that are primarily used 
on contract science for the blessed few rather 
than discovery based on the merits of ideas 
and early results. We are expected to survive 
and contribute to a larger society that no lon- 
ger trusts scientists, appreciates expertise, or 
understands the value science 
brings to the world. Science 
will continue to be dictated 
from above, not practiced. 
Science will be performed 
by those who are willing, not 
those best prepared or suited 
to the task. This future will be brought about 
in part because of disturbingly low levels of 
support in our schools for science and math 
education, spiraling the globe toward all-time 
lows in scientific literacy during the modern 
era. This is the future young scientists see 
ahead of us— a future handed down by a gen- 
eration who was more interested in glorify- 
ing themselves than leaving things better than 
how they found them. We are expected to rise 
to this challenge and we're sure as hell going 
to give it our all. Gosh, who needs a drink? 
JEREMY BLOCK 

Department of Biochemistry, Duke University Medical 


Center, Durham, NC 27710-3711, USA. E-mail: jeremy. 
block@gmail.com 


AS WE ACQUIRE KNOWLEDGE, WE CLIMB A LAD- 
der that helps us to see farther and observe 
unexplored territory. Our predecessors made 
enormous contributions while climbing the 
ladders of reductionism. As they climbed, 
they also became more isolated. The dis- 
tance between disciplines and subdisci- 


www.sciencemag.org SCIENCE 


View of fields 


plines increased, as they focused on their own 
research topics. The challenge today is how 
to connect those ladders. To build taller lad- 
ders of knowledge, we have to create bridges 
among disciplines and not be afraid of the 
distance to the ground. It is, however, unre- 
alistic to think that single individuals can 
master several disciplines. A side effect of 
increasing interdisciplinarity would there- 
fore be an increase in the number of co- 
authors of scientific publications. Scientists, 
even more than today, will have to learn how 
to work together. Because of the current 
vast amount of knowledge, eclectic research 
groups will have to play the role that a sin- 
gle scientist played in the 19th century. To 
facilitate relationships between disciplines, 
the way we communicate our results among 
ourselves, and to the society, has to evolve. 
Scientific communication will be trans- 
formed into a multimedia experience. Live 
talk repositories, animations, and videos 
will enhance the figures of papers as unique 
pieces of scientific knowledge. We are there- 
fore entering the Era of Interdisciplinarity. 
It is the end of many ivory towers. It is the 
beginning of many bridges. 
LUIS J. GILARRANZ,* J. JELLE LEVER, 
RUDOLF P. ROHR, MIGUEL A. FORTUNA 


Integrative Ecology Group, Estacién Biologica de Dofana, 
CSIC, 41092 Sevilla, Spain. 


*To whom correspondence should be addressed. E-mail: 
lj.gilarranz@ebd.csic.es 
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SCIENCE IS BECOMING INCREASINGLY ACCES- 
sible to minorities, women, and people from a 
variety of cultural and socioeconomic back- 
grounds. Because more people 
are now being exposed to sci- 
ence, I predict that the speed 
and significance of scientific 
advancements will increase 
dramatically over the next 100 
years. My grandmother was 
an extremely intelligent woman who spoke 
five languages, but she left high school before 
receiving her degree so that she could work 
in a mill to support her family. I wonder what 
contributions she could have made to the 
world of science, or any other field, if she had 
lived in a time of gender equality and financial 
aid. Today, great minds of all races, religions, 
and sexes are gathering in universities to col- 
laborate on research and approach problems 
with their own unique perspectives... 

DIANNE KAMFONIK 
Department of Civil and Environmental Engineering, 


Massachusetts Institute of Technology, Cambridge, MA 
02139, USA. E-mail: diannek@mit.edu 


... A NEW CAREER PATH IN SCI- 
ence will emerge. The profes- 
sional scientific data manager 
will have a unique skill set 
from areas such as statistics, 
large database administration, 
and information design.... JORN GRAHL 


Department of Information Systems and Business Admin- 
istration, Gutenberg University, D-55128 Mainz, Germany. 
E-mail: grahl@uni-mainz.de 


UBIQUITY OF TABLET TECH- 
nology will result in near- 
real-time textbook updates. 
School curricula will there- 
fore need to change on a daily 
basis... 


MICHAEL YOUNG 
Arlington, TX 76016, USA. E-mail: mike@youngfam.org 


... WITH THE RISE OF TECHNO-ENTREPRENEUR- 
ship among researchers, science will soon 
encompass more of other disciplines such as 
business, marketing, and intel- 
lectual property. Collaborative 
groups will successfully create 
spinoffs and fund each other’s 
research. A couple of mini- 
MBAs and certificate courses 
in finance will align them- 
selves along with scientific publications in a 
researcher’s resume.... KINGSHUK PODDAR 
Institute of Molecular and Cell Biology, A*Star, National 


University of Singapore, 670219 Singapore. E-mail: 
kingshukpoddar@gmail.com 
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THE COST OF PLASTIC-BASED 
materials will continue to 
rise as fossil fuels run dry, 
but the knowledge to work 
with glass has faded. When 
Corning no longer makes 
disposable, plastic everything, I think our lab 
will have to shut down.... 

NICK BARROWS 


Department of Molecular Genetics and Microbiology, 
Duke University, Durham, NC 27713, USA. E-mail: 
nicholas.barrows@duke.edu 


AS A 16-YEAR-OLD MAKING MY FIRST STEPS 
in the world of research, I fear that it will 
be hard to find interesting phenomena to 
study. It seems that most of 
the major scientific ques- 
tions have been answered, 
or will be in the near future. 
In the past, the major obsta- 
cle to vast scientific prog- 
ress was technology. I’m 
concerned that few science-catalyzing tech- 
nological advancements are forthcoming. 
... Nonetheless, the abundance of research 
tools presents a big upside: When a scientist 
from my generation finds a research subject, 


they will most likely have the instruments 
needed, instruments that past generations 
could only dream of. OR SAGY 


Ben Gurion Regional School, Emek Hefer, 42875, Israel; 
Tel Aviv University, Tel Aviv, 69978, Israel; and Depart- 
ment of Molecular Genetics, Weizmann Institute of Science, 
Rehovot, 76100, Israel. E-mail: orsagy@post.tau.ac.il 


THE KEY THEME DISTINGUISH- 
ing the future practice of 
science will be integra- 
tion. As access to informa- 
tion reaches unprecedented 
levels, the ability to inter- 
pret information into meaningful patterns 
will become much more complicated. In 
this rigorous intellectual environment, col- 
laboration will be critical for scientific dis- 
covery. The geologist will contact the soci- 
ologist. The psychologist will share a cof- 
fee with the physicist. The next generation 
of scientists will also experience a stronger 
union (or reunion) between science and the 
arts. Scientists will find a useful medium in 
artistic expression for visualizing informa- 
tion in innovative ways that explain funda- 
mental processes in nature. Statistical mod- 
els will transform in moving mobiles. Two- 


CORRECTIONS AND CLARIFICATIONS 


News & Analysis: “Berkeley engineering students demand greater effort to promote diversity” by J. Mervis (2 December 
2011, p. 1191). Science incorrectly calculated the percentage of underrepresented minorities (URMs) in the freshmen engi- 
neering class depicted in the bar chart for the University of California, Los Angeles (UCLA). It should be 10.2%. The number 


shown for URMs, 47, is correct. 


News & Analysis: “Curious cosmic speed-up nabs Nobel Prize” by A. Cho (7 October 2011, p. 30). The last line of the story 
states that Edwin Hubble discovered that the universe is expanding. In fact, Georges Lemaitre made this discovery before 


Hubble. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Nonreciprocal Light Propagation in a Silicon Photonic Circuit” 


Shanhui Fan, Roel Baets, Alexander Petrov, Zongfu Yu, John D. Joannopoulos, Wolfgang 
Freude, Andrea Melloni, Milos Popovic, Mathias Vanwolleghem, Dirk Jalas, Manfred Eich, 
Michael Krause, Hagen Renner, Ernst Brinkmeyer, Christopher R. Doerr 

We show that the structure demonstrated by Feng et al. (Reports, 5 August 2011, p. 729) cannot enable optical 


isolation because it possesses a symmetric scattering matrix. Moreover, one cannot construct an optical isolator by 
incorporating this structure into any system as long as the system is linear and time-independent and is described 


by materials with a scalar dielectric function. 


Full text at www.sciencemag.org/cgi/content/full/335/6064/38-b 


Response to Comment on “Nonreciprocal Light Propagation in a Silicon 


Photonic Circuit” 


Liang Feng, Maurice Ayache, Jingqing Huang, Ye-Long Xu, Ming-Hui Lu, Yan-Feng Chen, 


Yeshaiahu Fainman, Axel Scherer 


Fan et al. raised technical concerns about our study regarding the Lorentz reciprocity theorem, with which we com- 
pletely agree. Unfortunately, we incorrectly used the term “nonreciprocal” to describe the behavior of electromag- 
netic propagation in our devices. In our paper, this term does not refer to Lorentz reciprocity but to the asymmetric 


mode conversion that is experimentally demonstrated. 


Full text at www.sciencemag.org/cgi/content/full/335/6064/38-c 


dimensional graphs will be replaced by three- 
dimensional sculptures. The canny work of 
Nathalie Miebach illustrates the useful role 
that art can play in science. Her musical and 
visual manifestations of meteorological data 
are not only remarkably creative, but also 
reveal obscure relationships underlying the 
dynamics of weather systems. The preemi- 
nent scientific questions of the future will 
not be answered through convention and 
self-preservation. Rather, the most influential 
insights will be gained through integration, 
artistic expression, and openness. 

DAVID R. DAVERSA 


Evolutionary Ecology Group, Department of Zoology, Uni- 
versity of Cambridge, Cambridge, CB2 3EJ, UK. E-mail: 
dd384@cam.ac.uk 


... WITH IMPROVEMENTS TO 
data tagging, the Semantic 
Web, and evolution of 
Google Scholar, raw data 
will be published and social 
science findings will no lon- 
ger be discovered by individ- 
ual researchers, but instead 
validated through simultaneous tests among 
myriad samples collected by many organiza- 
tions and researchers, all of whom use a com- 
mon semantic data-tagging system.... 

RAVI IYER 


Department of Psychology, University of Southern California, 
Los Angeles, CA 90089-1061, USA. E-mail: raviiyer@usc.edu 


I THINK, IN MY LIFETIME, SCIENCE WILL BECOME 
more open, accessible, and “democratic.” 
People will have more 
opportunity to make small 
contributions in doing big 
projects. Monopoly of 
big money and secretive 
research will break, and the 
benefits of the latest scien- 
tific research will actually 
reach common people.... | ASHUTOSH GUPTA 


National Institutes of Health, Bethesda, MD 20892, USA. 
E-mail: guptaas@helix.nih.gov 


Letters to the Editor 


Letters (~300 words) discuss material published in 
Science in the past 3 months or matters of gen- 
eral interest. Letters are not acknowledged upon 


receipt. Whether published in full or in part, Let- 
ters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 
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Response to Comment on 
“Nonreciprocal Light Propagation 
in a Silicon Photonic Circuit” 


Liang Feng,”’2** Maurice Ayache,? Jingging Huang,”* Ye-Long Xu,” Ming-Hui Lu,” 
Yan-Feng Chen,” Yeshaiahu Fainman,? Axel Scherer?* 


Fan et al. raised technical concerns about our study regarding the Lorentz reciprocity theorem, 
with which we completely agree. Unfortunately, we incorrectly used the term “nonreciprocal” 
to describe the behavior of electromagnetic propagation in our devices. In our paper, this 
term does not refer to Lorentz reciprocity but to the asymmetric mode conversion that is 


experimentally demonstrated. 


e recently demonstrated a silicon (Si) 
\ N waveguide-based device that per- 
forms mode conversion in only one 
direction (/). We called this effect nonrecip- 
rocal, a term that could be misleading as it im- 
plies that our device avoids Lorentz reciprocity. 
Indeed, either a magnetic or a time-dependent 
response is needed to convert our device into 
an optical isolator. An analysis of reciprocity 
of our asymmetric optical mode converter, ob- 
tained by deriving the corresponding scatter- 
ing matrix, confirms that the mode conversion 
of our device is not sufficient for optical iso- 
lation on its own. Nevertheless, we believe, it 
may provide a useful element for on-chip op- 
tical isolation in Si photonics when combined 
with nonlinear optical wave mixing. Even though 
our device is not adequate to provide optical iso- 
lation, we have demonstrated spontaneous break- 
ing of parity-time symmetry. 

Our device uses a complex variation in the ef- 
fective dielectric constant to generate an asymmetric 
wave vector g. Reciprocity can be assessed by de- 
riving and analyzing the corresponding scattering 
matrix by solving the coupled mode equations in 
(J). It can be shown that at the two ends of the device 
in the z direction, z = 0 and z = L/2 (L = 2n/q 
is the period of modulations), the fields are as 
follows: 


Department of Electrical Engineering, California Institute of 
Technology, Pasadena, CA 91125, USA. “Nanjing National 
Laboratory of Microstructures, Nanjing University, Nanjing, 
Jiangsu 210093, China. 3Department of Electrical and Com- 
puter Engineering, University of California, San Diego, La 
Jolla, CA 92093, USA. “Kavli Nanoscience Institute, California 
Institute of Technology, Pasadena, CA 91125, USA. 


*To whom correspondence should be addressed. E-mail: 
lfeng@caltech.edu 
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where A,, corresponds to the field strength and 
B, is the mode integral for mode n, with posi- 
tive or negative n indicating forward or back- 
ward propagation, respectively. The coefficients 
C gives the modal power overlap for modes 
1 and 2 (i.e., symmetric and antisymmetric modes, 
respectively), with C = C; = C). If we treat the 
first and second modes, for both forward and 
backward propagation, as a four-port system 
with the two ends of the device as input and 
output, the above equations yield the following 
scattering matrix: 


A_,(0) A,(0) 
L L 
Ai(5) ng A.1(5) 
sf /$] ag 
Ay (5) A» (5) 


This scattering matrix S is symmetric, indicating 
that the system is reciprocal (2). Consequently, 
the transmission of both modes is the same for 
both directions, which has been shown in fig. 
S1 in (/) and by Fan et al. (2). Moreover, be- 
cause $3. # Sy, the device demonstrated in (/) 
converts the first mode to the second mode 
only in one direction. The exponential elements 
in the matrix show that power decays as light 
propagates because the device introduces loss 
due to metals. 

Nevertheless, the demonstrated asymmetric 
mode conversion, combined with the inherent 
optical nonlinearity of Si, may still be useful to 
achieve nonreciprocal transmission in a Si wave- 
guide on-chip without integrating other comple- 
mentary metal-oxide semiconductor—incompatible 
materials. For example, the antisymmetric mode 
can be designed to be necessary for the phase match- 
ing of the third harmonic generation (43° = 
2k? + k}). Improvement of nonlinear efficiency 
using a slow-light structure (3) and vanishing 
two-photon absorption in Si (4) might be im- 
portant to achieve distinguishable transmission 
in different directions (5). 

In summary, the one-way mode converter is 
Lorentz reciprocal and on its own cannot be used 
as the basis of an optical isolator. It is also lossy 
(7 dB for the power in the symmetric mode in 
(J)] and will require gain to be added in order to 
be useful. Similar optical modulation approaches 
using exponential functions were theoretically 
proposed by Greenberg and Orenstein (6, 7), which 
were not included in our original reference list. 
We thank Fan et a/. (2) for clarifying our work 
and helping to avoid misunderstanding. 
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Comment on “Nonreciprocal Light 
Propagation in a Silicon 


Photonic Circuit” 


Shanhui Fan,?* Roel Baets,”?* Alexander Petrov,** Zongfu Yu,* John D. Joannopoulos,” 
Wolfgang Freude,®’ Andrea Melloni,® Milos Popovié,’ Mathias Vanwolleghem,*°** Dirk Jalas,* 
Manfred Eich,* Michael Krause,’? Hagen Renner,” Ernst Brinkmeyer,?? Christopher R. Doerr*? 


We show that the structure demonstrated by Feng et al. (Reports, 5 August 2011, p. 729) 
cannot enable optical isolation because it possesses a symmetric scattering matrix. Moreover, 
one cannot construct an optical isolator by incorporating this structure into any system as long 
as the system is linear and time-independent and is described by materials with a scalar 


dielectric function. 


waveguide with a spatially varying but time- 

independent dielectric constant (Fig. 1), and 
numerically and experimentally demonstrate a 
one-way modal conversion effect: The odd mode 
is strongly excited when an even mode is incident 
along the backward direction from the right end 
of the waveguide (Fig. 1b). In contrast, the odd 
mode is not excited when the same even mode is 
incident along the forward direction from the left 
end (Fig. 1A). Related to (/), we note that a sim- 
ilar one-way modal conversion effect, with the 
same pattern of spatially varying dielectric con- 
stant, was previously considered theoretically 
in (2, 3). 

The results in (/) have generated widespread 
interest. Based on the results, Feng ef a/. claim 
the existence of nonreciprocity in their design 
and suggest the possibilities of applying the ob- 
served effect toward creating on-chip optical iso- 
lators. However, one must ask: (i) Is the observed 
effect of one-way photonic modal conversion 
truly a proof of optical nonreciprocity? (ii) Can 


I: (1), Feng et al. consider a two-mode 
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University of Technology, Institute of Optical and Electronic Ma- 
terials, Eissendorfer Strasse 38, D-21073 Hamburg, Germany. 
*Department of Physics, Massachusetts Institute of Technology, 
Cambridge, MA 02139, USA. ‘Institute of Photonics and Quantum 
Electronics (IPQ), Karlsruhe Institute of Technology (KIT), Germany. 
“Institute of Microstructure Technology (IMT), Karlsruhe Insti- 
tute of Technology (KIT), Germany. °Dipartimento di Elet- 
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Italy. °Department of Electrical, Computer, and Energy Engi- 
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burg University of Technology, Institute of Optical Communica- 
tion Technology, Eissendorfer Strasse 40, D-21073 Hamburg, 
Germany. Bacacia Communications Inc., Three Clock Tower 
Place, Suite 210, Maynard, MA 01754, USA. 
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the structure in (/) indeed be used toward 
creating an optical isolator? 

Unfortunately, the answers to both of the 
questions above are “no.” The structure in (/) is 
in fact reciprocal. As a result, one cannot con- 
struct an optical isolator this way. 

It is well known that any time-independent 
linear system, described by a symmetric electric 
permittivity tensor e(7) and a symmetric mag- 
netic permeability tensor u(r), is constrained by 
the Lorentz reciprocity theorem (4-6). Such a 
system is reciprocal in the sense that its scattering 
matrix is symmetric (4-6). Very importantly, the 
reciprocity theorem applies even when e(r) or 
u(r) is complex, that is, even when the system has 
gain or loss. 

The experimental structure studied in (/) con- 
sists of silicon, silicon dioxide, germanium, and 
chromium. No magnetic field is applied. All these 
materials are known to have symmetric permit- 
tivity tensors (and diagonal permeability tensors), 
and indeed in (/) both €(7) and (7) are treated as 
scalars theoretically. Thus, the structure in (/) is 
subject to the reciprocity theorem and has a sym- 
metric scattering matrix. 

In Fig. 1, A and B [which are equivalent to 
fig. S1 in the SOM of (/)], one injects the even 
mode along either forward or backward direc- 
tions. Notice that the power transmission coef- 
ficients 7.,, to the even mode (red curves in Fig. 1, 
A and B) are the same for both propagation 
directions for any given length d of the spatially 
varying region, as expected from the reciprocity 
theorem. Likewise, the power transmission co- 
efficient 7, to an odd mode, when an even mode 
is injected from the right (blue curve in Fig. 1B), 
is the same as the power transmission coefficient 
T.. to an even mode, when an odd mode is in- 
jected from the left (red curve in Fig. 1C). 

Why doesn’t the structure in (/) function as 
an optical isolator? Certainly, in this structure, the 
even mode injected from the left is strongly at- 
tenuated without exciting the odd mode (Fig. 1A), 
whereas the even mode injected from the right 


excites the odd mode and hence has a substan- 
tial power transmission coefficient 7,. (Fig. 1B). 
Thus, there appears to be a contrast between the 
two propagation directions. However, one should 
not confuse such a contrast with what is required 
of an optical isolator. An optical isolator needs 
to suppress back-reflection irrespective of modal 
content. A simple way to suppress back-reflection 
is to attenuate it, but in reciprocal structures this 
implies, unfortunately, that the forward light is 
also attenuated. The only way to have a good 
transmission for the forward propagating light 
and to simultaneously suppress the back-reflection 
is to use a device in which at least one trans- 
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Fig. 1. Modal power transmission coefficients in a 
waveguide (gray region in the insets) supporting 
an even and an odd mode, as a function of length 
d of a region (dark gray region in the insets) in the 
waveguide where the dielectric constant varies with 
a profile Se °< exp(+ikx), with x being along the axis 
of the waveguide. Red and blue curves are trans- 
mission coefficients to even or odd modes, respec- 
tively. In the inset, the light gray regions have a 
real dielectric constant. The bold arrows indicate 
the propagation directions. (A) Even mode injected 
from the left. Power transmission coefficient Tae 
from even to even mode and 7,, from even to odd 
mode. (B) Even mode injected from the right. Pow- 
er transmission coefficients T.. from even to even 
mode and 7,. from even to odd mode. (C) Odd 
mode injected from the left. Power transmission 
coefficients 7, from odd to odd mode, and 7,, from 
odd to even mode. 
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mission from a given input mode to a given out- 
put mode is asymmetric, that is, different for for- 
ward and backward propagation direction. In the 
structure in (/), however, all mode-to-mode trans- 
missions are symmetric. Consequently, light re- 
flected back into the odd mode at the left end will 
necessarily pass through the structure with the 
same high power transmission coefficient 7.,, 
equal to T,. (Fig. 1C, red curve). Therefore, the 
structure cannot function as a part of an isolator: 
It has equal backward and forward transmission 
coefficients between any two modes of the system. 

More generally, one cannot construct an op- 
tical isolator with any structure having a sym- 
metric scattering matrix. Therefore, one cannot 
construct an optical isolator by incorporating the 
structure of Feng ef a/. into any system contain- 
ing any combination of components or signal 
processing elements as long as the overall system 
is linear and time-independent and is described 
by materials with a scalar dielectric function. 


To summarize, the structure in (/), which is 
linear and time-independent, is reciprocal in the 
sense that it has a symmetric scattering matrix, 
which fundamentally differentiates it from optical 
isolator structures, including magneto-optical 
isolators, as well as nonlinear (7, 8) or time- 
dependent structures (9, 70) where reciprocities 
are broken. One cannot construct an optical iso- 
lator by simply enclosing the structure in (/) with 
a system containing any combinations of com- 
ponents or signal processing elements, as long as 
the overall system is linear and time-independent 
and is constructed only from materials with sym- 
metric permittivity and permeability tensors. To 
achieve true optical isolation, the scattering 
matrix of the system must be nonsymmetric. 
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MOLECULAR BIOLOGY 


RNA Rejoice! 


Joan A. Steitz 


in Genesis, the telling is what brings the 

story to life. No one could be better suited 
to trace the history of “life’s indispensable 
molecule” than James Darnell. It was he who 
discovered RNA processing shortly after the 
centrality of RNA in all living systems was 
established by the identification of messenger 
RNA in 1961. His lab gathered the first evi- 
dence that the useful form of most RNAs— 
unlike those of DNA and proteins—is fash- 
ioned by trimming and modifying the origi- 
nally synthesized molecule in predetermined 
ways. Darnell’s recent seminal contributions 
to our understanding of mechanisms of tran- 
scriptional regulation extend his panoramic 
view of the versatility of RNA. 

The thread that stitches RNA: Lifes Indis- 
pensable Molecule together is the perhaps 
obvious concept that RNA determines a cell’s 
functioning. DNA may encode a cell’s poten- 
tial, but the RNA molecules present dictate 
the activities that define a cell’s state at any 
particular moment. 

Darnell begins his account by reach- 
ing back to the days before the revelation of 
the structure of DNA and 
describing the emergence 
of the concept (amid sig- 
nificant resistance) that 
linear macromolecules 
orchestrate information 
flow within cells. The 
proof that proteins are 
long arrays of amino acids 
linked in definite order 
came first. After 1953, DNA’s elegant double- 
stranded structure convinced most scientists 
that it must contain the corresponding linear 
genetic information. But how were proteins 
connected to genes? Darnell next focuses on 
the steps culminating in the discovery of mes- 
senger RNA, which firmly fixed the role of 
RNA as the central player. 

The book then builds the RNA story era 
upon era. The explosion during the 1960s 
and 1970s in fundamental understanding of 
how RNA and protein synthesis are regu- 
lated in bacteria, including deciphering of 
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the genetic code, sets the 
stage for the two lengthy 
chapters that form the cen- 
terpiece of the book. Switch- 
ing to mammalian cells, 
Darnell begins by describ- 
ing the critical but painstak- 
ing progress of investiga- 
tors who coaxed animal cells 
(including HeLa cells) and 
their viruses to grow in cul- 
ture. These advances enabled 
the completely unantici- 
pated discovery of splicing, 
as well as elucidation of the 
basic principles of transcrip- 
tion that differ in eukaryotic 
cells compared to bacteria. 
The monumental chapter 
“Controlling mRNA” spans 
1980 to the present, includ- 
ing—in palatable form— 
the factorology of transcrip- 
tion and alternative splicing before finishing 
off with microRNAs and small interfering 
RNAs. Here Darnell provides clearer insights 
than I have found else- 
where into the relation- 
ship between chromatin 
modifications and the ini- 
tiation and elongation of 
RNA chains. Often, he 
steps back to look at the 
prevailing assumptions of 
the time and how they set 
the stage for the next criti- 
cal advance. Even the last chapter, on evolu- 
tion, which considers the many types of cellu- 
lar RNA molecules that continue to emerge, 
says just enough to convince the reader that 
exploring RNA will continue to offer sur- 
prises and revelations. 

Particularly worth savoring is Darnell’s 
rendition, based on firsthand knowledge, 
of the confusion that reigned in the early 
1970s regarding the relationship between 
nuclear and cytoplasmic RNA. It had been 
known since the late 1950s that not all the 
RNA synthesized in the nucleus of ani- 
mal cells emerges into the cytoplasm. The 
existence of very large nuclear molecules 
called heterogeneous nuclear RNA (hnRNA) 
was documented (primarily by Darnell) 14 
years before the discovery of introns in pre- 
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messenger RNA (1977). In 1971, polyade- 
nylate [poly(A)] segments on active mRNAs 
were reported by three labs; poly(A) stretches 
of the same size were also detected in hnRNA. 
Next, methylated cap structures were identi- 
fied both on mRNAs and on their suspected 
precursors, the hnRNAs. 
But, how could much 
larger RNA molecules 
be converted to shorter 
ones and yet preserve 
both termini? Darnell 
recounts the time a post- 
doc came into his office 
one morning in 1975 and 
suggested, “Jim, maybe 
you cut out the middle 
and join both ends.” Dar- 
nell laughed him off. But 
only several years later 
did elegant studies of 
adenovirus mRNAs lead 
to the extraordinary con- 
clusion—buttressed by 
observations from unin- 
fected cells—that mam- 
malian genes are in fact 
segmented into exons 
(which are expressed in 
the mRNA) and introns 
(which are discarded from the hnRNA). 
Indeed, Darnell and the late Lennart Philip- 
son had commented prophetically in 1971, 
“Detailed biochemical knowledge concern- 
ing the nuclear origin and processing of 
mRNA may therefore first become available 
from studies on [adeno] virus infected cells.” 
Darnell’s book is not only a bible but a 
lexicon. Every key experiment from the past 
seven decades that shaped current apprecia- 
tion of the multiple roles of cellular RNA 
molecules is described with clarity in several 
succinct sentences. The few figures are either 
directly reproduced from research articles or 
are carefully drawn models. The text is not 
cluttered with footnotes that beg for attention 
but invariably detract from the story line. The 
references are citations to original papers that 
established new concepts rather than to regur- 
gitations by later review writers. If you know 
either the author or the subject, an experi- 
ment can easily be located through the index. 
The sense of history is always there. Often 
the references at the end of a sentence pair 
a citation from the 1980s with one from the 
21st century. Thus, RNA: Life s Indispensable 
Molecule should be required reading, as well 
as a handy desktop reference, for everyone 
charged with teaching gene expression on 

any level. It really does say it all. 
10.1126/science.1214415 


39 


Downloaded from www.sciencemag.org on January 5, 2012 


= BOOKS €7 AL. 


40 


A DAY OUT: PALEOANTHROPOLOGY 


Treasure Caves 


Vanessa M. Hayes 


All of humanity shares an African heri- 
tage. We are one, diverse species across 
the globe, with our roots in Africa. (/) 


enetic evidence suggests that mod- 
G ern human history began in southern 

Africa, a region also rich in ancient 
hominid diversity. South Africa’s Cradle of 
Humankind World Heritage Site has made 
substantial contributions to the fossil record 
of these hominids. 

First inscribed on UNESCO’s World Heri- 
tage List in 1999, the Cradle of Humankind 
consists of 15 major fossil sites, encom- 
passing hundreds of caves. The 470-km? 
core region, in the Witwa- 
tersrand basin about an hour’s 
drive northwest of Johannes- 
burg, includes the well-known 
sites Sterkfontein, Swart- 
krans, Kromdraai, and Malapa 
as well as the visitor center at 
Maropeng. Since its establish- 
ment, the Cradle of Humankind 
complex has been expanded to 
include two more distant com- 
ponents, each around 300 km 
from the core: the Taung skull 
site and the Makapan Valley. 

My 9-year-old son Dan- 
iel and I began our visit at the 
Sterkfontein caves. For well 
over 3 million years, animals 
(including hominids) have 
fallen into the deep pits of the 
caves, becoming trapped and entombed. 
As we make our way underground, we are 
struck by the sharp change from the heat of 
the savanna to a constant 16°C. Our guide 
warns us of the dangers of snakes that still 
fall into the clutches of the caves; we note his 
emergency kit. He points out the ripple marks 
within the dolomite limestone walls (record- 
ing the shallow sea that covered the area 2.6 
billion years ago) and the stromatolites (lami- 
nated mounded structures built up by ancient 
microorganisms). He explains how the caves 
began to develop some 20 million years ago. 
We are, however, here to walk with our ape- 
man ancestors, Australopithecus. 

The first australopithecine remains (the 
skull of a 3-year-old) were discovered in 1924 
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in the North West Province of South Africa. 
Anatomist Raymond Dart described Taung 
child and named the species Australopithe- 
cus africanus (2). He noted 
the humanlike features of this 
2.5-million-year-old (Ma) 
specimen, such as the small 
canine teeth, the lack of brow 
ridges, and, most importantly, 
the evidence that the primate 
was bipedal. Subsequent discoveries indicate 
that A. africanus roamed the then-forested 
region of southern Africa. 

The almost 600 hominid fossils recov- 
ered from the Sterkfontein caves provide 
the most comprehensive glimpse into this 
extinct species. The two most famous A. afri- 
canus remains from Sterkfontein are Mrs. 
Ples (more likely “Mr.”), an almost complete 
2.05-Ma adult skull (discovered in 1947 by 


Cradle of H 
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Robert Broom and John T. Robinson), and 
Little Foot. The first parts of the latter were 
collected (but not recognized) in 1980, and 
the remainder of the nearly complete skeleton 
was discovered by Ronald Clarke in 1997. As 
we descend into the dimly lit caves (not rec- 
ommended for the claustrophobic), we walk 
past the iron gates and barbed wire that pro- 
tect the part of Little Foot that remains in the 
caves. For over 13 years, researchers have 
been working to free the 2.2- to 3.3-Ma fos- 
sil from the limestone breccia. Our guide 
informs us that the hope is that the Little 
Foot excavation will be completed within a 
year. Having the entire specimen available 
for study will help resolve questions such as 
whether it is an early form of A. africanus or 
represents a previously unrecognized species 
of Australopithecus. 

In the local Setswana language, Maropeng 
means “returning to the place of our origins.” 


umankind 


World Heritage Site 


Sterkfontein 1911, South Africa 
www.cradleofhumankind.co.za 
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At this location, between 500,000 and 1 mil- 
lion years ago, hominins used local rocks for 
making tools such as handaxes and cleav- 
ers. Housed in the Tumu- 
lus building (evocative of 
an ancient burial mound), 
the Maropeng Visitor Cen- 
tre contains exhibits on 
Earth history, the forma- 
tion of fossils, evolution, 
and extinction, as well as replica casts of all 
the major hominins and lifelike illustrations 
(by the renowned paleoartist John Gurche). 
The displays are up to date: At the end of our 
interactive self-guided tour, we encounter the 
actual specimens of A. sediba, the most recent 
addition to the Australopithecus tree. A juve- 
nile male and an adult female skeleton dated 
at nearly 2 Ma were discovered by Lee Berger 
and his team at the Malapa site and described 
only last year (3, 4). My son is 
only a few inches taller than 
the age-matched boy, Karabo 

“answer” in Setswana). The 
display introduces us to the 
scientific reports as well as the 
debate on how the southern 
African Australopithecus spe- 
cies might reshape our under- 
standing of the hominin tree— 
by providing a controversial 
link between the oldest Aus- 
tralopithecus, 3.2-Ma Lucy 
(A. afarensis) from East Africa, 
and our genus Homo. 

Visitors can easily spend a 
full day perusing the exhibits 
at Maropeng and Sterkfontein. 
The displays convey the excite- 
ment, increased understand- 
ing, and still-unanswered questions raised 
through the discoveries of fossil hominids 
around the world. And they help us develop 
a picture of the complex patterns of homi- 
nid diversity over the past 7 million years. 
Clearly, Africa has been the central locus of 
hominid existence through time. 

Our short visit to the Cradle of Human- 
kind World Heritage Site reminded me of 
the substantial role Africa, and specifically 
southern Africa, has played in the mapping 
of our hominid history. I wonder how many 
secrets still lie hidden beneath the soils of this 
beautiful continent and within the genetic 
signatures of all modern humans. 
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RESEARCH AGENDA 


Guiding Limited Use 
of Chimpanzees in Research 


Bruce M. Altevogt,'*t Diana E. Pankevich,'* Andrew M. Pope,'* Jeffrey P. Kahn?*+ 


esearch on chimpanzees is conten- 
Res expensive, and of increas- 

ingly limited necessity. Over the 
past 10 years, there have been only 110 proj- 
ects involving chimpanzees sponsored by 
the National Institutes of Health. Close to 
half of these projects were used for hepati- 
tis research; the remaining studies were in 
fields including comparative genomics, neu- 
roscience and behavioral research, and infec- 
tious diseases such as respiratory syncytial 
virus (RSV). NIH requested that the Institute 
of Medicine (IOM) and National Research 
Council convene an expert committee to 
assess the current and future scientific neces- 
sity of chimpanzee use as a research model in 
publicly funded biomedical and behavioral 
research. The committee developed a set of 
uniform principles around what constitutes 
necessary use of chimpanzees, because of 
the lack of existing criteria (/). 


¢ The knowledge gained must be necessary 
to advance the public’s health; 

¢ There must be no other research model by 
which the knowledge could be obtained, 
and the research cannot be ethically per- 
formed on human subjects; and 

¢ The animals used in the proposed research 
must be maintained either in ethologically 
appropriate physical and social environ- 
ments or in natural habitats. 


Necessity of Chimpanzees for Research 

Criteria specifically aimed at comparative 
genomics and behavioral research were as 
follows: (1) studies provide otherwise unob- 
tainable insight into comparative genom- 
ics, normal and abnormal behavior, mental 
health, emotion, or cognition, and (ii) all 
experiments are performed on acquiescent 
animals, using techniques that are mini- 
mally invasive and in a manner that mini- 
mizes pain and distress. Acquiescence is 
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defined as situations in which animals do 
not refuse or resist research-related inter- 
ventions and that do not require threats 
for participation; for instance, animals are 
often trained to present their arms for the 
purpose of blood draws. The committee 
found that much of the current comparative 
genomics and behavioral research met the 
criteria developed or could meet the crite- 
ria if minor modifications in study protocols 
were made to address questions of acqui- 
escence, pain, and distress. Some studies 
did not specify the type of housing or how 
often and by what mode anesthesia was pro- 
vided to the animal. In general, for behav- 
ioral research, the committee would not find 
it acceptable for an animal to be provided 
general anesthesia through a dart gun or for 
animals not to be housed in social settings. 
It encouraged studies relying on examina- 
tions or sample gathering performed as part 
of regular veterinary care. 

Examples of minimally invasive research 
include behavioral observation and nonin- 
vasive interventions that can only be per- 
formed on anesthetized animals, e.g., mag- 
netic resonance imaging scans of the brain. 
The committee recommended that these 
be performed in conjunction with regular 
veterinary exams and care that would oth- 
erwise require general anesthesia of indi- 
vidual animals. The committee’s criteria for 
behavioral and genomics studies were addi- 
tionally motivated by the view that research 
involving animals that are stressed or other- 
wise affected by their environment are less 
likely to yield meaningful, consistent, and 
useful results. 

In addition to the principles described 
above, one additional criterion was specific 
to biomedical research: Forgoing the use of 
chimpanzees for the research in question 
will significantly slow or prevent impor- 
tant advancements to prevent, control, and/ 
or treat life-threatening or debilitating con- 
ditions. The committee concluded that, 
although the chimpanzee has been a valu- 
able animal model in the past, by its crite- 
ria, most current use of chimpanzees for bio- 
medical research—including RSV vaccine, 
therapeutic hepatitis C virus (HCV) vaccine, 
and HCV antiviral drug development—is not 
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currently warranted, except for two limited 
research uses: for monoclonal antibodies and 
in prophylactic HCV vaccines. 

Production of monoclonal antibod- 
ies after immunization in other species or 
through in vitro synthetic methods is equally 
powerful for the generation of such reagents. 
Further, there are currently four methods in 
use that lessen the need for safety tests in 
chimpanzee: (i) genetic engineering of the 
target protein in rodents, (ii) selection of 
antibodies that recognize target epitopes 
shared across species, (iii) selection of mul- 
tiple antibodies that can serve as surrogates 
for responses, and (iv) testing low levels 
in humans (2). However, not all antibodies 
under development were derived with the 
newer technologies; studies based on these 
antibodies may require continued use of 
chimpanzees to avoid substantially slowing 
research or preventing important advance- 
ments. For these specific cases, continued 
use of chimpanzees should be assessed 
against the committee’s criteria for biomed- 
ical research, although the expectation is 
that, within 5 years, chimpanzees will not be 
used in monoclonal antibody research. 

The greatest number of projects using 
the chimpanzee over the past 10 years has 
been for hepatitis research. Development 
of antiviral drugs and therapeutic vaccines 
for HCV does not necessitate use of the 
chimpanzee because of the emergence of 
other animal models and the ability to ethi- 
cally perform safety and efficacy studies in 
humans. However, the challenges associated 
with developing prophylactic HCV vaccines 
may continue to necessitate the chimpanzee. 

Progress is being made in the develop- 
ment of various mouse models that can be 
infected with HCV, but these do not allow 
evaluation of the human protective immune 
response. Although challenge studies for 
HCV prophylactic vaccine development 
cannot be performed in humans, studies in 
consenting individuals at high risk for natu- 
ral HCV infection can be ethically done pro- 
vided that these vaccines are first shown to 
be safe and immunogenic in experimental 
animals, such as mice and nonhuman pri- 
mates. The committee could not reach con- 
sensus on whether preclinical studies exam- 
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ining the safety of candidate prophylactic 
vaccines necessitate the chimpanzee, or if 
the development of a prophylactic HCV vac- 
cine would be slowed by bypassing preclini- 
cal chimpanzee research and going directly 
into human trials. Research relying on exist- 
ing blood or tissue samples would be exempt 
from the criteria, as no interaction with living 
chimpanzees would be required. 

Finally, the committee stressed that chim- 
panzees used for any research must be main- 
tained in ethologically appropriate envi- 
ronments accredited by the Association for 
Assessment and Accreditation of Labora- 
tory Animal Care, for example, Primadomes 
or corrals with environmental enrichment, 
outdoor caging with access to shelter, and 
indoor caging (/). 


Discussion 

The committee was charged specifically to 
develop criteria for chimpanzee use; there- 
fore, it would not be appropriate to apply 
these criteria to assess the necessity of other 
nonhuman primates in research. The neces- 
sity of other research animals should con- 
tinue to be assessed using current regulations 
and guidelines. 

The Interagency Animal Model Commit- 
tee (IAMC) currently provides an additional 
review by the NIH to ensure the appropriate- 
ness of using the chimpanzee and the number 
of animals, as well as the degree of invasive- 
ness of the research. However, only federal 
employees are members. The assessment 
would be strengthened and the process made 
more credible by establishing an indepen- 
dent oversight committee that builds on the 
IAMC and that uses the recommended crite- 
ria. It should include public representatives, 
as well as individuals with scientific exper- 
tise in the use of chimpanzees and alterna- 
tive models and in areas of research in which 
chimpanzees might be used. This is similar 
to the working groups of the Advisory Com- 
mittee to the NIH Director. 

The committee was not tasked with 
assessing the use of the chimpanzee by the 
private sector; however, many of the biomed- 
ical research areas assessed by the committee 
are also being pursued by industry. Adoption 
of the committee’s criteria by industry could 
ensure that the private sector limits its use of 
chimpanzees to areas of clear necessity. 

The request for the IOM report origi- 
nated with the U.S. Congress, which for the 
past three sessions has been considering 
legislation that would ban research using the 
chimpanzee and other great apes [Great Ape 
Protection Act (GAPA) of 2010 (111th Con- 
gress, second session) and Great Ape Pro- 


tection and Cost Savings Act (GAPCSA) of 
2011 (112th Congress, first session)]. Simi- 
larly, in 2010, the European Union banned 
the use of all great apes, including chim- 
panzees, in research. However, a safeguard 
clause in the EU “ban” allows use of great 
apes for research that is broadly defined as 
addressing a life-threatening, debilitating 
condition that endangers human beings “pro- 


breeding of chimpanzees for research pur- 
poses is still under way through the sup- 
port of the private sector. The moratorium 
presents a challenge for conducting future 
research, should it be justified, because of 
the aging chimpanzee population (7), the 
very small number of research-naive ani- 
mals, and the time it takes for chimpanzees 
to mature. The cost of maintaining a chim- 
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vided the purpose cannot be achieved by the 
use of other species or alternative methods” 
(3). The EU Directive provides no additional 
information by which researchers or member 
states should base their decisions. There has 
been no biomedical research involving great 
apes in the EU since 1999 (4, 5). 

Both the committee’s criteria and the EU 
directive are in contrast to the approach pro- 
posed in GAPCSA, which would prohibit 
“any research that may cause death, injury, 
pain, distress, fear, or trauma” (H.R.1513. 
TH and S.810.IS). The proposed legislation 
does not include an analysis in support of 
the proposed prohibition, though its “find- 
ings and purpose” focus on the welfare and 
protection of the animals. The committee 
did consider ethics in its analysis, which 
informed its approach in responding to the 
NIH charge to assess the necessity of the 
chimpanzee in contemporary and future 
research (/). 

Given the information available to the 
committee through its research and pro- 
vided by relevant federal agencies, it will 
be very difficult to defend the necessity of 
nearly all current biomedical research on 
chimpanzees. The most difficult assess- 
ment will be in cases of prophylactic vac- 
cine development research in which the 
chimpanzee is the only nonhuman animal 
model. Even those cases are likely to see the 
need for chimpanzees diminish as alterna- 
tive models become available. However, a 
new, emerging, or reemerging disease or dis- 
order may present challenges to treatment, 
prevention, and/or control that defy non- 
chimpanzee models and technologies and 
thus may require their future use. Therefore, 
an outright ban on biomedical chimpanzee 
research would not be appropriate. 

Since 1997 the NIH has instituted a mor- 
atorium on government-sponsored breeding 
of chimpanzees (6); however, very limited 


panzee is $44/day, and with an average life 
span of 40 to 45 years, this can reach over 
$642,400 per animal over the course of their 
lifetimes (there has been a moratorium on 
euthanasia of chimpanzees since 1995) (8). 
Should there be a public health emergency 
requiring the chimpanzee, it will likely not 
be possible to quickly breed and expand 
the population. Therefore, the number and 
demographics of animals maintained for any 
potential research use will need to be care- 
fully considered. 

The committee’s review and assessment 
highlighted not only the issues and chal- 
lenges of chimpanzee research but also the 
importance of other animal research mod- 
els. Although the necessity of chimpanzees 
in research is quickly declining, animal 
research remains a critical tool in protecting 
and advancing the public’s health. 
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BEHAVIOR 


How Honeybees Break 
a Decision-Making Deadlock 


Jeremy E. Niven 


or a honeybee swarm of potentially 
Fitessins of individuals, choosing a 

home is a momentous decision. Fail- 
ing to choose a single location may cause 
the swarm to split and the queen to be lost 
(1); choosing poorly may limit the swarm’s 
growth or expose it to freezing temperatures 
during the winter (2). Studies over the past 
60 years have shown that honeybee swarms 
use quorum sensing, a form of decentral- 
ized decision-making, to choose a suit- 
able nest site, but many gaps remain in our 
understanding of this process. On page 108 
in this issue, Seeley et al. (3) show that an 
inhibitory signal between bees advocating 
different locations allows them to make a 
decision even when potential nest sites are 
equally favorable. 

Honeybee colonies reproduce through 
budding, whereby the queen and some 
workers leave the nest and bivouac on a 
branch. Some of the most experienced 
workers leave to locate suitable nest sites 
(4). Upon their return, these scouts adver- 
tise potential locations and their qualities 
by performing a waggle dance. During 
the dance, the scout walks straight across 
the bivouacking bees, making side-to-side 
waggles of her body. She then stops, turns 
left or right, and walks a semicircular return 
path to her starting point. The waggle run’s 
duration and orientation encode the length 
and the angle of the outward flight, respec- 
tively, whereas the number of dance circuits 
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encodes the quality of the potential nest site 
(5). Waggle dances recruit additional scouts 
to a site until a quorum number is reached 
and the swarm prepares to move to its new 
home (2). 

Scouts advocating less attractive sites 
produce fewer dance circuits and make 
fewer trips to the site (6). Along with the 
recruitment of uncommitted scouts to more 
attractive sites, this was assumed to be suf- 
ficient to enable the bees to reach a quorum, 
thereby deciding which site to choose (2). 
However, foraging workers use an additional 
type of signal to communicate with other 
bees. Upon returning from a feeder that is 
crowded or where a predator is present, for- 
ager bees produce a brief vibrational signal 
that discourages other bees from producing 
waggle dances that advertise the location of 
that feeder (7). Hypothesizing that a similar 
signal may be used by house-hunting bees, 
Seeley et al. set out to observe scout behav- 
ior. They found that scouts received “stop” 
signals—head butts mainly to their head and 
thorax—from other bees during the return 
run of the waggle dance (see the figure). 
These stop signals occurred more frequently 
just before a scout stopped dancing. 

The authors next established swarms on 
Appledore Island (Maine), which lacks nat- 
ural nest sites, and gave them a choice of 
two identical nest boxes. Scouts visiting one 
box were marked with yellow paint; those 
visiting the other were marked with pink 
paint. Most of the bees giving “stop” signals 
had paint marks, showing they were scouts. 
During the decision phase of the nest-site 


During the search for a new nest site, use 
of an inhibitory signal enables honeybees 
to reach a decision. 


selection process, dancing scouts with yel- 
low paint received many more stop signals 
from scouts with pink paint and vice versa, 
showing that scouts from one site preferen- 
tially inhibit the dances of those advertis- 
ing a competing site (see the figure, panel 
A). Once the scouts started implementing 
the decision, dancing scouts received stop 
signals from scouts that had visited either 
site. When swarms were given only one nest 
box, scouts received few stop signals dur- 
ing the decision phase but many during the 
implementation phase. This general inhibi- 
tion of dancing during the implementation 
phase presumably ensures that all the bees 
are present when the swarm takes flight. 

To demonstrate a role for the observed 
cross inhibition between scouts advertising 
competing sites, Seeley et a/. constructed a 
series of computational models of the col- 
lective decision-making process, based 
on the interaction rules they had observed 
among the scouts. Models that incorporated 
no or indiscriminate stop signaling pre- 
dicted that the scouts would reach a stable 
deadlock, failing to choose between two 


Cease and desist. (A) Seeley et al. have found 
that during house hunting, scouts advertising one 
nest site preferentially inhibit scouts advertising 
another site during the decision-making process. 
Inhibition is conveyed by a “stop” signal, given 
mainly to the head and thorax of a scout during 
the return phase of the waggle dance. (B) Stop sig- 
nals from scout bees inhibit other scouts, discour- 
aging them from advertising a potential site. These 
inhibitory stop signals combine with recruitment of 
neutral scouts to produce a winning site. 
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equally suitable nest sites. Only a model 
incorporating sufficiently high levels of 
cross inhibition predicted that the scouts 
would converge rapidly upon a decision. 
The authors compare the interactions 
among scouts with those among neurons in 
primate decision-making networks, which 
can be modeled with similar interactions 
(8). They argue that populations of bees and 
neurons can be considered to be mutually 
inhibitory, leaky integrators of sensory evi- 
dence that lead to a choice when they exceed 
a threshold (see the figure, panel B). These 
features are not restricted to neural circuits 
but underpin decisions in many biological 
processes, such as pattern formation (9, /0). 
Although Seeley ef al. gave the bees a 
choice between two identical nest sites, 
house-hunting swarms typically evaluate 
many sites of differing quality. This may 
require scouts to distinguish waggle dances 
advertising several other sites from their 
own, possibly through forming categories 
of “same” and “different,” or more likely 
through odor cues. In this situation, scouts 
may produce stop signals in proportion to 
the quality of the site they have located, 


which would produce effects similar to lat- 
eral inhibition in neural circuits and cell fate 
decisions (9—/2). By averaging surround- 
ing activity, lateral inhibition can reduce the 
effects of intrinsic noise and maintain sen- 
sitivity over a wide range of stimulus inten- 
sities (J/, 12). Thus, as well as reinforcing 
asymmetries vital for resolving deadlocks, 
inhibitory signals of scouts may be impor- 
tant for reducing noise at the beginning of 
the decision-making process and for rescal- 
ing the process when there are many good 
alternatives. 

The findings of Seeley et al. emphasize 
the computational value of signals involved 
in decision-making in house-hunting hon- 
eybees. The stop signal has either been co- 
opted to or from foraging, but in doing so 
its use has switched; scouts use the stop 
signal to inhibit bees advertising differ- 
ent sites rather than the same site, and they 
do so because of the high, rather than low, 
quality of the site they have visited. Thus, 
inhibitory (vibratory head butt) and excit- 
atory (waggle run) signals can be used to 
form behavioral circuits (foraging, house- 
hunting), just as they are in the nervous sys- 


tem to form neural circuits. Future research 
stands to benefit from this computational 
approach, incorporating behavioral analysis 
with concepts and ideas from neuroscience 
and developmental biology. 
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GENETICS 


Variable Outcome 


Bart Deplancke' and Kevin J. Verstrepen? 


hy do some mutations produce 

a particular trait or disease, 

whereas others only increase the 
likelihood of such an outcome? One expla- 
nation is that other variations in the DNA 
sequence strengthen or weaken the effect of 
a given mutation, although environmental 
factors may also have an impact. On page 
82 of this issue, Casanueva et al. (/) show 
that in the nematode Caenorhabditis ele- 
gans, stochastic differences in the amount of 
a protective chaperone protein, after expo- 
sure of the worms to mild stress, influence 
the effect of mutations. 

In some cases, the link between an indi- 
vidual’s genotype (DNA code) and pheno- 
type (traits, diseases) is straightforward. 
For example, individuals with more than 
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of Mutations 


41 cytosine-adenine-guanine repeats in the 
Huntingtin gene will invariably develop 
Huntington’s disease. However, many vari- 
ations in the DNA sequence do not always 
produce a certain trait or illness. Women 
carrying the BRCA/ mutation have about a 
65% chance of developing breast or ovar- 
ian cancer before the age of 70 (2). Why 
don’t all women carrying the mutant allele 
develop these cancers? One reason is that 
other genomic variation may influence the 
effect of a given mutation (3). For example, 
certain alleles of the TVRC9 gene increase 
the effect of having the mutant BRCA1 
allele (2, 4). However, when a large num- 
ber of loci show genetic interactions, it 
becomes difficult to predict the importance 
of a given variation (5), much less an indi- 
vidual outcome. 

Environmental factors may also influ- 
ence the effect of a mutation (3), but their 
functional consequences can be difficult to 
unravel. Casanueva ef al. show that C. ele- 
gans worms with a potentially deadly muta- 
tion in the transcription factor—encoding 


Environmental stress and stochastic differences 
in the expression of protective genes influence 
the effect of mutations. 


gene /in-29 have a 35% better chance of sur- 
viving if they receive a mild heat stress at an 
early developmental stage (see the figure). 
The authors reason that heat stress induces 
the expression of molecular chaperones 
that protect cells by preventing misfolding 
and aggregation of other proteins. However, 
chaperones can also protect against harmful 
effects of some mutations, possibly by reduc- 
ing the chance that a mutation leads to pro- 
tein misfolding (6). Indeed, worms exhibit- 
ing a stronger stress response (as measured 
by gene expression) to heat exposure had 
reduced mortality, and those with a constitu- 
tively activated stress response also showed 
better survival, even in the absence of any 
stress stimuli. 

Individuals not only differ in their DNA 
code and their environment, but also exhibit 
seemingly random (stochastic) differences in 
the transcription of some genes (7, 8). Casa- 
nueva et al. found that stochastic differences 
in the expression of protective chaperone 
genes (in the absence of a stress treatment) 
also reduced the effect of mutations; indi- 
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viduals with greater chaperone expression 
were more resistant to deleterious mutations. 
Even early worm embryos differ in their 
chaperone expression, which may influence 
the outcome of mutations in each individual 
(9). Moreover, higher stochastic chaperone 
levels are correlated with extended life span 
(0), and the inverse also holds true: A muta- 
tion can increase the stochastic variation in 
the expression of certain genes, which can in 
turn determine mutation outcome (//). 
Given the positive effects ofthe chaperones, 
why don’t all worms exhibit high chaperone 
expression levels? Casanueva et al. found 
that individuals with high chaperone expres- 
sion produced fewer offspring (reduced 
fecundity). Stochastic variation in chaperone 
expression may therefore represent a bet- 
hedging strategy, allowing populations with 
varying chaperone expression to have a better 


chance of surviving in 
both benign and stress- 
inducing conditions than 
a population exhibiting 
uniform gene expression. 

Although genetic 
individuality is emerg- 
ing as a central theme of research, under- 
lying promising initiatives in personalized 
medicine, Casanueva et al. caution that 
“nongenetic individuality” (/2) extends 
beyond unicellular organisms and has 
important functional consequences. Even 
though a person’s genome sequence may 
be available, with all genetic interactions 
completely unraveled, and life history fully 
known, other, non-genetic differences may 
constitute an elusive determinant of risk for 
disease. It is unclear whether the findings of 
Casanueva et al. can be simply extrapolated 
to humans, especially because such a risk 
diversification strategy may prove particu- 
larly useful for self-fertilizing organisms 
such as C. elegans. Moreover, only tem- 
perature-sensitive mutations were affected 
by differences in chaperone expression, 
suggesting that this phenomenon may be 
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The final effect. A mild stress response protects genetically identical young worms 
against deleterious mutations. However, because of individual variation in stress sig- 
naling, the extent of this protection varies. When such worms carry a potentially harm- 
ful mutation, individuals with high stochastic expression of certain stress-protective 
genes (dark green) show better survival than individuals with lower expression (light 
green), but at a cost of reduced fecundity. Although genetically identical, the start- 
ing population already has variable expression of stress-protective genes, which also 
affects the outcome of mutations (not shown). 


restricted to a subset of mutations. Nev- 
ertheless, given the conservation of stress 
response mechanisms and chaperones from 
yeast to humans, we may have to consider 
that destiny is not wholly determined by 
DNA, and that sheer luck—in the form of 
stochastic variation in gene expression— 
also has a say. 
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APPLIED PHYSICS 


Ohm's Law in a Quantum World 


David K. Ferry 


hm’s law is an empirical law based 

on the observation that the electri- 

cal transport properties of materials 
exhibit linear behavior. The principle is that 
the voltage that develops across a piece of 
conducting material is linearly proportional to 
the current flowing through it; the constant of 
proportionality being termed the resistance, 
V = IR (1). Such behavior is the backbone of 
classical conduction in these materials. In the 
1920s and 1930s, it was expected that clas- 
sical behavior would operate at macroscopic 
scales but would break down at the micro- 
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scopic scale, where it would be replaced by 
the new quantum mechanics. The pointlike 
electron motion of the classical world would 
be replaced by the spread out quantum waves. 
These quantum waves would lead to very dif- 
ferent behavior. On page 64 of this issue, 
Weber et al. (2) have constructed atomic- 
scale nanowires in Si and have observed that 
Ohm’s law remains valid, even at very low 
temperatures, a surprising result that reveals 
classical behavior in the quantum regime. 
Transport in the quantum world is charac- 
terized by coherence, where the phase behav- 
ior of the waves remains undisturbed over siz- 
able distances (typically on the scale of the 
sample size). This coherence leads to wave 
interference, such as the Aharonov-Bohm 
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Conductivity measurements reveal unexpected 
classical electronic behavior at the quantum 
level. 


effect in conducting rings (3), where waves 
traveling around different paths (an impu- 
rity or defect, for example) can interfere with 
each other. Coherent transport in nanowires 
is determined by the number of transverse 
wave modes that propagate in the constrained 
geometry (4, 5) (analogous to the different 
waves on a plucked string). In this regime, 
the resistance of the nanowire is given by the 
Landauer formula (6), R = h(2eN), where N 
is the number of the modes, ¢ is the electronic 
charge, and h is Planck’s constant. Note that 
the conductance, and hence the resistance, is 
independent of the length of the sample of 
material being investigated (see the figure, 
red curve). In the classical world, the resis- 
tance depends linearly upon the length—a 
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longer piece of material requires more volt- 
age and hence has higher resistance (blue 
curve). Here, the resistance is given by R = L/ 
OA, where L is the length of the sample, A is 
the cross-sectional area, and o is the conduc- 
tivity. Weber et al. observe linear dependence 
of the resistance upon the length down to ~10 
nm, which implies that classical behavior was 
maintained, even at low temperature. What 
breaks up the coherence, and leads to the 
classical behavior, is dissipation arising from 
collisional processes in the material, and this 
is expressed within the conductivity. 

In a given material, variations in temper- 
ature or in electron scattering can move the 
blue curve up or down. The resistance from 
various mechanisms are additive, so that the 
total resistance can follow the quantum curve 
until it intersects with the Ohm’s law curve 
and will then follow the latter. Hence, there 
is a crossover region where the two curves 
meet. In materials that are more conducting 
than silicon, such as nanowires in indium 
arsenide, experiments (7) have shown that 
this crossover occurs for lengths of almost 
200 nm, even at room temperature, and this 
has been confirmed by calculations (8). It is 
clear that the onset of Ohm’s law depends on 
the strength of the scattering of the electrons 
within the nanowire. In the work of Weber 
et al., the number of phosphorus atoms, 
and hence the number of electrons, is on 


Resistance 


Coherent 


Length 

Ideal behavior. In systems where quantum coher- 
ence governs the transport, the resistance is inde- 
pendent of the length of the sample of material 
(red curve). Classical Ohm's law requires that the 
resistance be linearly proportional to the length 
(blue curve). Hence, for a given sample, a cross- 
over from quantum to classical behavior where the 
two curves meet is expected. The measured resis- 
tance would be a sum of these two curves. Weber 
et al. (2) report classical behavior under conditions 
where quantum effects would be expected. 


the order of 107! cm. This very high dop- 
ing means that the scattering, and the resis- 
tance are much larger, which will lead to a 
shorter coherence length, and they found that 
this crossover had to be below 10 nm even at 
their low temperature. 

The implications of having Ohm’s law 
satisfied at such low temperatures are inter- 
esting. Normally, we would expect to study 
pure quantum effects at low temperatures, 


but the results here suggest that more care 
will be needed to sort quantum effects from 
classical ones. This is also not good for con- 
cepts that use phosphorus atoms as qubits 
in quantum computing (9, 70), because the 
coherence needed becomes questionable. On 
the other hand, this may well pave “the way 
for ultra-scaled classical as well as quantum 
electronic components...” (2). This is good 
news for the semiconductor industry, which 
seeks to extend Moore’s law [see, e.g., (//)] 
for several more years, a process enabled by 
scaling individual devices to smaller sizes. It 
has been thought that quantum effects would 
limit this in the near future, but the results 
presented by Weber et al. suggest that several 
generations are still possible. 
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PLANT SCIENCE 


Controlling Hormone Action 
by Subversion and Deception 


Jeffrey Leung 


he Nobel chemist Roald Hoffmann 
[series molecular mimicry as a 

mechanism founded on subversion 
and deception. On page 85 of this issue, 
Soon ef al. (/) report intriguing evidence 
for such mimicry in the transmission of sig- 
nals elicited by the plant hormone abscisic 
acid (ABA). Using the model plant Arabi- 
dopsis thaliana, the authors show that the 
ABA-bound receptor and kinase alternately 
bind to a phosphatase, turning on and off 
this stress-responsive pathway, respec- 
tively. Not surprisingly, ABA is behind this 
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“subversive” dealing in partner swapping. 
ABA is a terpenoid that promotes seed 
maturation, prevents germination, and cur- 
tails excessive water loss during vegetative 
growth. In the face of climate warming and 
water shortages, modifying ABA synthesis 
or perception as possible solutions to sustain 
crop yield for food and fuel has attracted the 
interests of policy planners and scientists. 
The core ABA signaling module involves 
three different types of proteins (2): the 
PYR/PYL/RCAR family of ABA recep- 
tors; clade A type 2C protein phosphatases 
(PP2Cs, including ABI1, ABI2, and HAB1); 
and group IIT SUCROSE NONFERMENT- 
INGI RELATED kinases (SnRK2.2, 2.3, 
and 2.6). These three protein types are nec- 
essary and sufficient to mediate an ABA- 


Molecular mimicry between a plant hormone 
receptor and a kinase allows them to swap 
binding to a phosphatase to control a 
signaling pathway. 


triggered model signaling cascade in vitro (3). 

ABA is cradled deep inside the receptor 
and is enclosed by conformational changes 
of the two substructures called “gate” and 
“latch” (4). The “gate” creates a new surface 
on the receptor that can tether the PP2C, free- 
ing the SnRK2 to autophosphorylate (Ser'” 
in the activation loop of SnRK2.6) and sub- 
sequently phosphorylate downstream tar- 
gets. In the absence of the hormone-receptor 
complex, the PP2C turns off the signaling 
pathway by dephosphorylating the SnRK2. 
Although ABI1, ABI2, and HAB1 interact 
interchangeably with SnRK2.2, SnRK2.3, 
and SnRK2.6 (5—/0), the functional impor- 
tance had not been clear. 

Soon et al. show that besides the catalytic 
removal of the phosphate from the phospho- 


6 JANUARY 2012 VOL 335 SCIENCE www.sciencemag.org 


Published by AAAS 


Downloaded from www.sciencemag.org on January 5, 2012 


CREDIT: B. STRAUCH/SCIENCE 


Partner swap. Molecular mimicry between the kinase SnRK2 and the hormone receptor PYL bound to ligand 
ABA permits alternate binding to the PP2C phosphatase. This change in partners activates (on) or deactivates 
(off) SnRK2, allowing it to phosphorylate downstream signals. 


serine in the activation loop of SnRK2.6, 
the binding further suppresses any remain- 
ing kinase activity. To uncloak the details 
of this two-step mechanism, a fusion pro- 
tein HAB1-SnRK2.6 was generated as a 
linear peptide. By incorporating entropy- 
decreasing mutations, the authors coaxed 
the fused protein into high-quality crystals. 
Structural analysis of the complex revealed 
that the kinase SnRK2.6 mimicks the face 
of the ABA receptor that binds to the phos- 
phatase HAB1. The major contact surface 
between this kinase and phosphatase runs 
along their catalytic sites. Like the “gate” 
structure of the ABA receptor in the ABA- 
PYL-PP2C complex, the activation loop 
of the kinase SnRK2.6 also inserts into the 
catalytic center of the phosphatase HABI. 
The cleft between the “gate” and “latch” of 
the receptor is also mimicked by a pocket 
in the C-lobe region of SnRK2.6. The con- 
tact between the «G helix of SnRK2.6 and 
a loop structure in HAB1 is adjacent to the 
HABI Trp**-PYL interaction loop. Thus, 
the receptor, once bound by ABA, adopts a 
surface structure remarkably similar to that 
of the kinase (see the figure). 
ABA-PYL-PP2C and the SnRK2-PP2C 
complexes are not mutually exclusive as 
expected. ABA-PYL-SnRK2-PP2C in fact 
forms a quaternary complex. This is because, 
in addition to the kinase catalytic domain, a 
second acidic motif of ~25 residues called 
the ABA box found in the C terminus of 
SnRK2.2, SnRK2.3, and SnRK2.6 can also 
interact with HAB1 (but not with the recep- 
tors). The other seven SnRK2 members in 
the family have no obvious ABA box, but the 
overall amino acid compositions in the coin- 
cidental regions are acidic. With the excep- 
tion of two SnRK2 enzymes, each of the other 
five acidic motifs also interacts with a subset 
of the PP2Cs. HABI can bridge the interac- 
tion between the receptor PYL2 and SnRK2.6 
in the presence of ABA, but not in its absence. 
This means that the ABA-bound receptor can 
dislodge the kinase from the phosphatase 
without fully dissociating these two proteins; 
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the kinase will remain tethered by its ABA 
box to the phosphatase. This also explains 
why the PYL2-HAB1 complex can be dis- 
rupted by using increasing concentrations 
of the isolated kinase domain of SnRK2.6, 
whereas the ABA-bound receptors cannot 
dissociate SnRK2-PP2C, even if the ABA- 
bound receptors have much stronger affinity 
for the phosphatases relative to the kinases. 
Soon et al. hint that molecular mimicry 
might be a common mechanism in many 
biological processes involving kinase-phos- 
phatase complexes. Tantalizing parallels 
can be found in the catalytically inactive 
pseudophosphatases EGG-4 and EGG-5 
in mammals, which recognize the activa- 
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tion loop of the kinase MBK-2 and block- 
its kinase activity. The mammalian AMPK- 
PP2Ca complex (homologs of the SnRKs 
and PP2Cs of Arabidopsis) might also pack 
their catalytic sites to maintain the kinase 
inactive. The structural studies on the core 
ABA signaling proteins establish a new 
paradigm for kinase-phosphatase co-regu- 
lation and coevolution. Indeed, subversion 
and deception by competitive binding of 
these major cell signaling proteins in bias- 
ing important biological decisions may turn 
out to be pervasive. 
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Plasmonic Modes Revealed 


Philip E. Batson 


Time-resolved electron microscopy can map the electric field created in and around a nanoparticle 


by photonic excitation of its plasmonic modes. 


hen nanostructures made of met- 
als such as gold and silver are illu- 
minated with visible light, plas- 


monic modes can be excited that cause con- 
duction electrons to oscillate. This motion 
creates a pattern of electric fields, extending 
both within and outside the structure, that can 
be tuned by changing the particle size and 
shape to efficiently couple light to electronic 
processes. Practical applications of this cou- 
pling include improved harvesting of light 
for photovoltaics (/) and enhanced sensitiv- 
ity for sensors based on light-emitting mes- 
senger molecules (2). Although there is well- 
developed theoretical understanding of how 
photons interact with nanostructures that are 
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much smaller than their wavelength, we have 
few methods for measuring electric fields 
nearby and within nanoscale structures dur- 
ing photonic excitation. On page 59 of this 
issue, Yurtsever ef al. (3) report using time- 
resolved electron energy gain/loss spectros- 
copy in an electron microscope to obtain 
spatially resolved maps of electric fields that 
result when nanoscale metal objects are illu- 
minated by incident photons. 

Previously, optically induced plasmonic 
electric fields have been probed by near-field 
scanning optical microscopy (NSOM) and its 
variants that use metal tips (4, 5). In NSOM, a 
subwavelength optical aperture samples pho- 
ton intensity as a function of position. How- 
ever, spatial resolution and collection effi- 
ciency are both limited because NSOM sam- 
ples only the decaying or evanescent part of 
the optical signal outside the nanoscale object. 
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Field day for plasmons. (A) The the- A 


oretical basis for the experiment of 
Yurtsever et al. is shown. A kiloelectron- 
volt electron interacts with the evanes- 
cent electric field created by a photon 
exciting a metal nanocylinder (shown in 
cross section). Blue and red colors indi- 
cate the phase of the plasmon response 
field E, and E,; near-zero responses are 
in green. Depending on the arrival time 
of the electron, it can gain or lose energy 
by interacting with this field. [Adapted 
from (14)] (B) A map of the intensity of 
electron energy gain as a function of 
position on a triangular nanoscale silver 
particle. The map integrates scattering 
through or past the nanoparticle, along 
the electron trajectory. 


Electron 


Incident 
photon 
field 


Electron energy-loss scattering 
can also efficiently create surface 
plasmon modes within groups of 
nanoscale metal objects, allow- 
ing spatial investigation of reso- 
nant plasmonic response. This 
technique supported understand- 
ing of surface-enhanced Raman 
scattering on silver surfaces with 
nanoscale roughness, and sug- 
gested interesting possibilities for 
engineering optical coupling to 
nanoscale systems (6, 7). The possibility of 
deliberate acceleration of electrons by light, 
mediated by gratings and surface-guided 
modes to match the momentum transfer 
required by electrons (8, 9), has also been 
considered. Finally, electron energy-gain 
spectroscopy might combine nanoscale 
spatial resolution with the energy selectivity 
of photons (/0). 

Observation of electron energy gain 
has had little success, however, apparently 
because of the difficulty of coupling enough 
light into the nanoscale object so that each 
incident electron would have sufficiently high 
probability for interaction with plasmonic 
fields. Electron-beam currents in electron 
microscopy are so small that only about one 
electron per nanosecond interacts with the 
specimen, whereas plasmon decay happens 
on the femtosecond time scale, producing a 
timing mismatch of five orders of magnitude. 
Thus, electron energy-loss events that create 
a plasmon and scatter the electron simulta- 
neously are quite common, whereas energy- 
gain events, which require absorption of a 
separately created plasmon, have not been 
observed previously. 

During the past few years, Zewail’s group 
(11) and others (72, 73) have introduced laser- 
excited photocathodes to electron micros- 
copy, enabling time-resolved experiments. It 


Particle response field 


Map of plasmon field 


is now possible to optically excite or “pump” 
the specimen and then probe it with an elec- 
tron at a later time. Yurtsever ef al. convinc- 
ingly demonstrate a direct interaction of high- 
energy electrons with surface plasmon fields 
excited by incident photons in single nano- 
structures. A theoretical model developed by 
Park et al. summarizes the experiment (/4) 
(see the figure, panel A). In this case, the 
nanostructure is a metal cylinder (depicted 
as a circle, with its axis perpendicular to the 
page). A photon field incident from the left 
excites surface plasmons, producing response 
fields both inside and outside the cylinder. 
These fields are summarized by the back- 
ground image, with red or blue colors denot- 
ing positive or negative phase of the response 
field. A high-energy electron is incident from 
the left, and, depending on the particular tim- 
ing of its arrival, can be either accelerated or 
decelerated by the fields, providing energy 
gain or loss. In this illustration, the electron 
passes outside the cylinder, sampling evanes- 
cent fields beyond the cylinder surface. 

In a semiclassical treatment, the electron 
is represented by a point charge, and the total 
energy gain or loss is determined by an inte- 
gral over its path (/5). The timing accuracy 
of the electron’s arrival is limited to a few 
hundred femtoseconds by the laser and pulse 
width, as well as by the instrumental details of 


0 fs, +1 hv 


the electron photogeneration 
and acceleration. Thus, elec- 
trons arrive during a spread 
of times around the arrival of 
the photon field, producing 
energy gain or loss, depend- 
ing on the details of the sur- 
face plasmon response phase 
during the electron passage. 
If the response field is very 
strong, multiple quanta of 
energy can be transferred to or 
from the electron. In the case 
of a single triangular silver 
nanoparticle, many electrons 
undergo no loss, but some 
gain or lose one or two quanta 
of energy. The energy gain 
and loss peaks are exception- 
ally strong—several times the 
electron energy-loss scatter- 
ing probability in the absence 
of the incident photon. 

With such a strong set 
of energy gain and loss 
peaks, Yurtsever et al. pro- 
duced maps of field intensity 
inside and outside nanoscale 
objects. An example for 
the energy gain of +/Av at a 
time delay of 0 fs from the triangular silver 
nanoparticle is shown in panel B of the figure. 
In scattering near the surface of copper, peaks 
situated at many discrete energy quanta were 
also evident. The experimental visualization 
of the optical response of a nanoscale dielec- 
tric object will be important for many appli- 
cations, including renewable energy sources, 
continued scaling of semiconductor computa- 
tion capabilities, and understanding of dielec- 
tric structures that exhibit unusual properties. 
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RETROSPECTIVE 


Lloyd J. Old (1933-2011) 


Padmanee Sharma’ and James P. Allison?** 


in a red Corvette, which was a gift from 

his parents for having graduated at the 
top of his medical school class. He had com- 
pleted his medical degree at the University of 
California, San Francisco, and made a cru- 
cial decision to pursue a research fellowship 
at the Sloan-Kettering Institute rather than 
further medical training. He was optimistic 
about science and especially tumor immu- 
nology, a field that was in its infancy. For the 
next 50 years, Lloyd grew this field into one 
with substantial evidence, helping to propel it 
into the realm of standard treatment for can- 
cer patients. On 28 November, he died in his 
home in New York from prostate cancer. 

Lloyd was born in San Francisco in 1933, 
and his career in biology began at the Uni- 
versity of California, Berkeley. Once in New 
York, he remained at Sloan-Kettering to do 
his life’s work. In the 1960s, he and Edward 
Boyse and Elisabeth Stockert initiated a com- 
prehensive analysis of normal and malignant 
mouse lymphoid cells, which led to the iden- 
tification of a range of cell surface antigens, 
including what is now called CD8 and the 
thymus leukemia antigen (now recognized 
as a nonclassical major histocompatibility 
complex molecule). These initial discover- 
ies fueled his desire to understand how the 
immune system could reject tumors. During 
this time, his technicians, Elizabeth Carswell 
and Barbara Williamson, noted that tumors 
of mice turned black, which eventually led 
to the identification of the cytokine, tumor 
necrosis factor (which is involved in tumor 
regression). Lloyd graciously acknowledged 
Carswell and Williamson by making them 
first and senior authors on the 1975 paper that 
reported the data. Lloyd’s generous nature 
was always present as he guided the labora- 
tory through numerous scientific discover- 
ies, including the use of attenuated Bacille 
Calmette-Guérin virus as tumor immunother- 
apy, the association of the tumor’s suppressor 
protein p53 with cancer, and the use of sero- 
logical methods to identify tumor antigens. 


[: 1958, Lloyd Old drove into New York 
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Lloyd was determined to apply the princi- 
ples that he had learned by studying murine 
tumors to human cancers. This required estab- 
lishing human tumor cell lines, which was per- 
formed in his lab for many years. The lab’s rich 
source of melanoma cell lines led to the anal- 
ysis of patients’ T cells for reactivity against 
autologous tumor cells in the 1980s. Lloyd 
and his colleagues observed that patients with 
a specific T cell response to a particular anti- 
gen could have a favorable response to their 
disease. This led to the search for tumor anti- 
gens that could be used as vaccines to boost 
antitumor immune responses. However, early 
clinical trials of vaccines based on peptide 
antigen did not produce sufficient clinical 
outcomes, which generated skepticism about 
the therapeutic potential of tumor immunol- 
ogy. Lloyd was a visionary and understood 
the need for more rigorous studies in humans. 
He used to say that the clinic should be con- 
sidered a laboratory where one could conduct 
experiments to understand immune responses 
in cancer patients. This was a difficult con- 
cept for many basic scientists and clinicians to 
embrace, but Lloyd persisted. 

Lloyd realized that the field of tumor 
immunology required not only scientific 
effort, but also clear leadership. To facili- 
tate small clinical trials with vaccines and 
novel immunomodulatory agents in cancer 
patients, Lloyd envisioned a new infrastruc- 
ture that would require a team of transla- 
tional investigators. He used his resources 
as Director and Chief Executive Officer of 
the Ludwig Institute for Cancer Research 
(LICR) and his position as a Founding 
Member and Scientific Director of the Can- 
cer Research Institute (CRI) to establish, in 
2001, a team under the umbrella of a new 
organization known as the Cancer Vaccine 
Collaborative (CVC). The LICR and the 
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An immunologist devoted his life’s work 
to understanding how the immune system 
fights cancer. 


CRI worked through the CVC to produce 
clinical-grade reagents for small immuno- 
therapy trials, obtain regulatory approval for 
the trials, sponsor the trials, fund the trials 
at various academic institutions, and obtain 
patients’ samples for immune monitoring. 
His mantra was “to vaccinate, you need to 
know how to immunize, and to immunize, 
you need to know how to monitor.” Because 
Lloyd’s lab had established methods for 
monitoring immune responses to a cancer 
testis antigen (NY-ESO-1), the clinical tri- 
als focused on this antigen, which tested 
specific concepts such as immunogenicity 
of a protein vaccine versus DNA vaccine, 
and immune responses elicited in the pres- 
ence of different adjuvants or immunostim- 
ulatory agents. Lloyd planned for trial data 
to be integrated to provide a comprehensive 
picture of human immune responses against 
cancer and in the setting of different immu- 
nomodulatory agents. 

Lloyd oversaw investigators at the CRI 
and took great pleasure in hosting its annual 
meetings as well as the symposiums orga- 
nized by the CVC. He engaged with nearly 
everyone at these meetings and made it a pri- 
ority to introduce participants to each other. 
He fostered a family atmosphere and was the 
doting patriarch. He answered countless tele- 
phone calls related to scientific questions or 
personal issues such as helping someone to 
get a doctor’s appointment for a friend with 
cancer. His loyalty to science and the people 
in his life was unwavering. When Elisabeth 
Stockert became sick with pancreatic can- 
cer, Lloyd brought meals to her in the hospi- 
tal, coaxed her to eat, and talked with her for 
hours about the “good old days in the lab.” 

Lloyd was for many of us a friend, men- 
tor, father figure, and soulful spirit filled with 
passion for life and learning. His first passion, 
the violin, taught him that great symphonies 
required many accomplished musicians to 
learn the notes so that they can be played 
together to achieve perfection. Lloyd allowed 
the many notes in tumor immunology to be 
played beautifully together by accomplished 
scientists so that his vision of harnessing the 
power of the immune system to eradicate can- 
cer could be fulfilled. We consider it a gift to 
have known him and we will miss his gentle 
presence and insightful wisdom every day. 

10.1126/science.1217940 
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PrP Antibodies Do Not Trigger Mouse 
Hippocampal Neuron Apoptosis 


Peter-Christian Klohn,* Michael Farmer,* Jacqueline M. Linehan, Catherine O'Malley, 
Mar Fernandez de Marco, William Taylor, Mark Farrow, Azy Khalili-Shirazi, 


Sebastian Brandner, John Collinget 


ccording to the protein-only hypothesis, 
Av are composed of polymerized con- 

formational isomers of host-encoded cel- 
lular prion protein (PrP©) (J). Targeting PrP© in 
mice with established brain infection blocks devel- 
opment of clinical disease and reverses early pathol- 
ogy and behavioral abnormalities (2, 3). Therapeutic 
proof of concept is provided by passive immuno- 
therapy via intraperitoneal injection with ICSM18 
or 35, monoclonal antibodies against PrP (4). How- 
ever, a study that aimed to determine whether PrP 
dependent signaling could produce neurotoxic effects 
in vivo suggests that hippocampal neurons de- 
generate after intracerebral injection with particular 
monoclonal antibodies against PrP, although this 
was dose- and epitope-dependent (5). Two of the 
three studied antibodies, immunoglobulin G (IgG) 
P and IgG D13, which bind to epitopes within the 
95-to-105 region of PrP, cause extensive neuronal 
loss throughout the hippocampal region in the 
majority of CS7BL/10 mice 24 hours after stereo- 
taxic injection of 2-1 aliquots at a concentration 
of 1 mg/ml, whereas IgG D18, recognizing resi- 
dues 133 to 157, did not (5). Because single anti- 
gen binding Fab fragments do not cause apoptosis, 
it was argued that toxicity involves signaling in- 
duced by cross-linking of PrP© and that this may 
also underlie prion toxicity (5). 

To investigate our candidate therapeutic anti- 
bodies, we stereotaxically injected ICSM18 and 
ICSM335, fully humanized ICSM18 (both IgG1 and 
G4 isotypes), and their isotype controls into the hip- 
pocampus of C57BL/10 mice. ICSM35 recognizes 
PrP epitope 93 to 105 (6), whereas ICSM18 binds 
to 143 to 153 (7). We injected IgG P and IgG D13 
as positive controls, as well as the nonapoptotic IgG 
D18 into both C57BL/10 mice and FVB mice. Anti- 
body IgG b12, raised against the HIV-1 envelope gly- 
coprotein gp120, was injected into the contralateral 
hippocampus as a negative control. We injected 2 ul 
antibodies against PrP (1 mg/ml) according to the 
published protocol (5) and killed the mice 48 hours 
after injection. Bilateral injection sites were histo- 
logically identified in all brains. We only analyzed 
specimens with an entirely visible injection track in 
the hippocampus. On average 70% of stereotaxic in- 
Jections were on target, and at least four brains per 
monoclonal antibody were analyzed. Many of the 
injection sites showed local acute hemorthage of var- 
iable size (Fig. 1 and figs. S1 and $2). Adjacent to the 
injection sites, acutely hypoxic and occasionally ne- 
crotic neurones were detected, which we considered 
a result of direct mechanical damage. The previously 
described (5) widespread apoptotic cell death through- 


out the hippocampal region was not observed with 
antibodies IgG D13 and IgG P in CS7BL/10 mice 
(Fig. 1) or in FVB mice (fig. S1). Likewise, injec- 
tions with ICSM18 and ICSM35 failed to generate 
widespread neuronal apoptosis in the hippocampus 
of C57BL/10 mice (Fig. 1). To ensure that the neg- 
ative histology results were not due to loss of activity 
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Fig. 1. No apoptosis after hippocampal injection of 
PrP antibodies in C57BL/10 mice. Antibodies IgG D13 
(A), IgG P (©), ICSM35 (E), and ICSM18 (G) were injected 
into the left hippocampus. Negative control antibodies 
IgG D18 (B), IgG b12 (D), and isotype controls BRIC126 
(F) and BRIC222 (H) were injected contralaterally. Nee- 
dle track (Aa) or small hemorrhage (Ca) in CA1 region. 
The dentate gyrus remained unharmed (Ab) or showed 
mechanical damage (Cb). No apoptosis was observed, 
even in the immediate vicinity of the needle track. In- 
jection track in dentate gyrus and CA1 region: Focal cell 
death because of mechanical damage, but no apoptosis 
around the injection sites (Ba, Bb, Da, and Db). Small 
needle track and minimal hemorrhage after ICSM35 and 
ICSM18 injection but no apoptosis in the CA1 region (Ea 
and Ga) or dentate gyrus (Eb and Gb). Injections with 
isotype controls BRIC126 (F) and BRIC222 (H) resulted in 
needle track lesion in CA1 but no apoptosis (Fa, Fb, Ha, 
and Hb). Scale bars indicate 900 ,um in the main images 
and 300 ym in the magnified images. 


of the proapoptotic antibodies, we performed an 
enzyme-linked immunosorbent assay (ELISA) to 
demonstrate PrP antigen recognition of the anti- 
bodies IgG D13, IgG P, and IgG D18 (fig. $6), and all 
recognized recombinant a-PrP at antibody concen- 
trations of at least 1 ng/ml. To further confirm the 
functional integrity of the PrP antibodies we con- 
firmed their known ability to cure prion-infected cells 
(7, 8) (fig. S7). We injected fully humanized ver- 
sions of ICSM18, huICSM18 IgG4, and hulCSM18 
IgG1 into the hippocampus of C57BL/10 mice, 
which failed to show apoptosis (fig. S2). We also 
performed immunostaining for cleaved caspase 3 
on consecutive sections to those shown in Fig. 1 and 
figs. S1 and S2, which showed no evidence that these 
antibodies elicited apoptosis (figs. S3 to S5). 

The reason for the marked discrepancy with 
results of the previous study is unclear. We in- 
cluded IgG D13 and IgG P as positive controls, but 
found no evidence for significant apoptosis while 
confirming that all antibodies retained their poten- 
cy of PrP binding and cell curing. Thus, antibodies 
targeting PrP, including the region 95 to 105, may 
be injected into the mouse brain at least at concen- 
trations of up to 1 mg/ml without causing extensive 
apoptosis or other histologically apparent injury 
other than that expected from injection trauma. Con- 
sequently, toxicity from putative antibody-mediated 
cross-linking of cell-surface PrP“ is unlikely to limit 
therapeutic trial of PrP antibodies in these rapidly 
progressive and invariably fatal neurodegenerative 
diseases. In addition, our data do not support a 
model in which neuronal cell death in prion dis- 
ease is mediated by cross-linking of PrP© by disease- 
related PrP aggregates. 
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The Technology Path to Deep 
Greenhouse Gas Emissions Cuts by 
2050: The Pivotal Role of Electricity 


James H. Williams,”? Andrew DeBenedictis, Rebecca Ghanadan,!? Amber Mahone, 
Jack Moore,” William R. Morrow III,“ Snuller Price,’ Margaret S. Torn?* 


Several states and countries have adopted targets for deep reductions in greenhouse gas emissions 
by 2050, but there has been little physically realistic modeling of the energy and economic 
transformations required. We analyzed the infrastructure and technology path required to meet 
California's goal of an 80% reduction below 1990 levels, using detailed modeling of infrastructure 
stocks, resource constraints, and electricity system operability. We found that technically feasible 
levels of energy efficiency and decarbonized energy supply alone are not sufficient; widespread 
electrification of transportation and other sectors is required. Decarbonized electricity would become 
the dominant form of energy supply, posing challenges and opportunities for economic growth and 
climate policy. This transformation demands technologies that are not yet commercialized, as well as 
coordination of investment, technology development, and infrastructure deployment. 


way to stabilize climate using existing green- 

house gas (GHG) mitigation technologies, vi- 
sualized as interchangeable, global-scale “wedges” 
of equivalent emissions reductions. Subsequent 
work has produced more detailed analyses, but 
none combines the sectoral granularity, physical 
and resource constraints, and geographic scale 
needed for developing realistic technology and 
policy roadmaps (2-4). We addressed this gap by 
analyzing the specific changes in infrastructure, 
technology, cost, and governance required to de- 
carbonize a major economy, at the state level, that 
has primary jurisdiction over electricity supply, 
transportation planning, building standards, and 
other key components of an energy transition. 

California is the world’s sixth largest econ- 
omy and 12th largest emitter of GHGs. Its per 
capita GDP and GHG emissions are similar to 
those of Japan and western Europe, and its 
policy and technology choices have broad rele- 
vance nationally and globally (5, 6). California’s 
Assembly Bill 32 (AB32) requires the state to 
reduce GHG emissions to 1990 levels by 2020, a 
reduction of 30% relative to business-as-usual 
assumptions (7). Previous modeling work we per- 
formed for California’s state government formed 
the analytical foundation for the state’s AB32 
implementation plan in the electricity and natural 
gas sectors (8, 9). 

California has also set a target of reducing 
2050 emissions 80% below the 1990 level, con- 
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sistent with an Intergovernmental Panel on Cli- 
mate Change (IPCC) emissions trajectory that 
would stabilize atmospheric GHG concentrations 
at 450 parts per million carbon dioxide equivalent 
(CO;e) and reduce the likelihood of dangerous an- 
thropogenic interference with climate (/0). Work- 
ing at both time scales, we found a pressing need 
for methodologies that bridge the analytical gap 
between planning for shallower, near-term GHG 
reductions, based entirely on existing commercialized 
technology, and deeper, long-term GHG reduc- 
tions, which will depend substantially on technol- 
ogies that are not yet commercialized. 

We used a stock-rollover methodology that 
simulated physical infrastructure at an aggregate 
level, and built scenarios to explore mitigation 
options (//, 1/2). Our model divided California’s 
economy into six energy demand sectors and two 
energy supply sectors, plus cross-sectoral eco- 
nomic activities that produce non-energy and 
non-CO, GHG emissions. The model adjusted 
the infrastructure stock (e.g., vehicle fleets, build- 
ings, power plants, and industrial equipment) in 
each sector as new infrastructure was added and 
old infrastructure was retired, each year from 2008 
to 2050. We constructed a baseline scenario from 
government forecasts of population and gross state 
product, combined with regression-based infra- 
structure characteristics and emissions intensities, 
producing a 2050 emissions baseline of 875 Mt 
COsze (Fig. 1). In mitigation scenarios, we used 
backcasting, setting 2050 emissions at the state 
target of 85 Mt COse as a constrained outcome, 
and altered the emissions intensities of new in- 
frastructure over time as needed to meet the tar- 
get, employing 72 types of physical mitigation 
measures (/3). In the short term, measure selec- 
tion was driven by implementation plans for 
AB32 and other state policies (table S1). In the 
long term, technological progress and rates of in- 
troduction were constrained by physical feasi- 


D 
\ 


bility, resource availability, and historical uptake 
rates rather than relative prices of technology, en- 
ergy, or carbon as in general equilibrium models 
(/4). Technology penetration levels in our model 
are within the range of technological feasibility 
for the United States suggested by recent assess- 
ments (table S20) (/5, 16). We did not include 
technologies expected to be far from commercial- 
ization in the next few decades, such as fusion- 
based electricity. Mitigation cost was calculated 
as the difference between total fuel and measure 
costs in the mitigation and baseline scenarios. Our 
fuel and technology cost assumptions, including 
learning curves (tables S4, $5, S11, and S12, and 
fig. S29), are comparable to those in other recent 
studies (/7). Clearly, future costs are very uncertain 
over such a long time horizon, especially for 
technologies that are not yet commercialized. We 
did not assume explicit life-style changes (e.g., 
vegetarianism, bicycle transportation), which could 
have a substantial effect on mitigation requirements 
and costs (/8); behavior change in our model is 
subsumed within conservation measures and en- 
ergy efficiency (EE). 

To ensure that electricity supply scenarios met 
the technical requirements for maintaining reli- 
able service, we included an electricity system 
dispatch algorithm that tested grid operability. 
Without a dispatch model, it is difficult to de- 
termine whether a generation mix has infeasibly 
high levels of intermittent generation. We devel- 
oped an electricity demand curve bottom-up from 
sectoral demand, by season and time of day. On 
the basis of the demand curve, the model con- 
strained generation scenarios to satisfy in succes- 
sion the energy, capacity, and system-balancing 
requirements for reliable operation. The operabil- 
ity constraint set physical limits on the penetra- 
tion of different types of generation and specified 
the requirements for peaking generation, on-grid 
energy storage, transmission capacity, and out-of- 
state imports and exports for a given generation 
mix (table S13 and figs. S20 to S31). It was as- 
sumed that over the long run, California would 
not “go it alone” in pursuing deep GHG reduc- 
tions, and thus that neighboring states would de- 
carbonize their generation such that the carbon 
intensity of imports would be comparable to that 
of California in-state generation (19). 

Electrification required to meet 80% reduc- 
tion target. Three major energy system transfor- 
mations were necessary to meet the target (Fig. 2). 
First, EE had to improve by at least 1.3% year ' 
over 40 years. Second, electricity supply had to 
be nearly decarbonized, with 2050 emissions in- 
tensity less than 0.025 kg CO2e/kWh. Third, most 
existing direct fuel uses had to be electrified, with 
electricity constituting 55% of end-use energy in 
2050 versus 15% today. Results for a mitigation 
scenario, including these and other measures, are 
shown in Fig. 1. Of the emissions reductions 
relative to 2050 baseline emissions, 28% came 
from EE, 27% from decarbonization of electricity 
generation, 14% from a combination of energy 
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conservation and alternative energy measures 
[including “smart growth” urban planning, bio- 
fuels, and rooftop solar photovoltaics (PV)], 15% 
from measures to reduce non-energy CO, and non- 
CO, GHGs, and 16% from electrification of ex- 
isting direct fuel uses in transportation, buildings, 
and industrial processes. Table 1 shows changes 
from 2010 to 2050 in primary and end-use en- 
ergy and emissions by sector and fuel type for 
the baseline and mitigation cases, along with per 
capita and economic intensity metrics. 

The most important finding of this research is 
that, after other emission reduction measures were 
employed to the maximum feasible extent, there 
was no alternative to widespread switching of di- 
rect fuel uses (e.g., gasoline in cars) to electricity 
in order to achieve the reduction target. With- 
out electrification, the other measures combined 
produced at best 2050 emissions of 210 Mt CO;e, 
about 50% below the 1990 level. The largest 
share of GHG reductions from electrification came 
from transportation, in which 70% of vehicle miles 
traveled—including almost all light-duty vehicle 
miles—were powered by electricity in 2050, along 
with 20% powered by biofuels and 10% powered by 
fossil fuels. Other key applications for fuel switch- 
ing occurred in space heating, water heating, and 
industrial processes. Figure 3A shows that even 
with aggressive EE keeping other demand growth 
nearly flat, fuel-switching to electricity led to a 
doubling of electricity generation by 2050. “Smart 
charging” of electric vehicles was essential for re- 
ducing the cost of electrification, by raising utility 
load factors and reducing peak capacity require- 
ments through automated control of charging times 
and levels (Fig. 3B). 

In the electricity sector, three forms of de- 
carbonized generation—renewable energy, nucle- 
ar, and fossil fuel with carbon capture and storage 
(CCS)—each have the potential to become the 
principal long-term electricity resource in Cali- 
fornia, given its resource endowments. All cur- 
rently suffer from technical limitations and high 
cost relative to the conventional generation al- 
ternative, natural gas, so it is not obvious which 
of these (if any) will dominate in the long run. 
Therefore, we built separate high—renewable 
energy, high-nuclear, and high-CCS scenarios 
that met the target, plus a mixed case. Because 
these technologies have very different operating 
characteristics—CCS, when commercialized, is 
expected to be flexibly dispatchable generation 
that can follow demand; nuclear is baseload gen- 
eration that operates at a constant output level; 
and the most abundant renewable energy resources 
(wind and solar) are intermittent—they also have 
very different needs for supporting infrastructures, 
including capacity resources, high-voltage trans- 
mission, and energy storage. Figure 3C shows the 
generation scenarios. The high—renewable ener- 
gy case has the highest requirements for installed 
capacity, transmission, and energy storage; the 
high-nuclear case requires the largest export mar- 
ket for excess generation, along with an expansion 
of upstream and downstream nuclear fuel cycle 


infrastructure; and the high-CCS case requires 
construction of CO, transportation and storage 
infrastructure. In addition, water, land use, and 
siting issues are quite different for each of these 
options. Residual electricity-sector carbon emis- 
sions in 2050 came primarily from combustion 
of natural gas for peaking generation and CCS. 
CCS fleet-average carbon storage efficiency in 
2050 was 90%, but new CCS units were required 
to reach 98% efficiency. Within the western grid 
of which California is part, all existing conven- 
tional coal plants were retired at the end of their 
planning lives of 30 years. 

Some studies suggest that 100% of future 
electricity requirements could be met by renew- 
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able energy, but our analysis found this level of 
penetration to be infeasible for California (20, 2/). 
We found a maximum of 74% renewable energy 
penetration despite California’s large endowment 
of renewable resources, even assuming perfect re- 
newable generation forecasting, breakthroughs in 
storage technology, replacement of steam gener- 
ation with fast-response gas generation, and a 
major shift in load curves by smart charging of 
vehicles. Using historical solar and wind resource 
profiles in California and surrounding states, the 
electricity system required 26% nonrenewable 
generation from nuclear, natural gas, and hydro- 
electricity, plus high storage capacity to maintain 
operability. It would be possible to forecast higher 


80% below 1990 Level (90% below 2050 Baseline) 


2030 2035 2040 2045 


2050 


0 
2007 2010 2015 2020 2025 
Emissions 
Reduction 
Mt COze 
(% of Total) 


2050 


Types (and Numbers) of 
Measures Used 


Key Attributes in 2050 


Energy Efficiency 102 | 223 


Electricity Decarbonization Ram Can 
(23%) | (27%) | high nuc' 


Building EE (18); 
(33%) | (28%) | Vehicle EE (9); Other EE (6) | year on average for 40 years 
High renewables, 
lear, high CCS, and | with CO2- free sources. Equivalent 
mixture of the three 


Energy efficiency improved 1.3% per 


90% of generation requirement met 


decarbonization in each scenario 


13 41 | Reductions in vehicle miles | VMT reduced in light duty vehicles 
(4%) | (5%) | traveled (VMT) (6) (LDV) by 10%; freight trucks 20%; 
other transportation 20% 
8 21 | Residential and commercial | 10% of electricity demand displaced 
(3%) | (3%) | PV roofs by rooftop PV 
18 49 | Transportation biofuels; 2% of natural gas use in buildings 
(6%) | (6%) | ethanol, biodiesel, biojet fuel | displaced by biomethane, and 10-20% 
(9); Residential, commercial, | of petroleum-based fuels for vehicles 
industrial biomethane (3) displaced by biofuels 
Non-Energy, Non-CO2 67 116 | Cement, agriculture, Non-fuel; non-CO2 GHG emissions 


(22%) | (15%) | and other (3) 


reduced 80% below baseline 


29 124 


Transportation electrification | 75% of LDV gasoline use displaced by 
(16%) | (9); Other end-use 
electrification (5) 


PHEVs & electric vehicles; 30% of fuel 
use in other transport sectors electrified; 
65% electrification of non-heating/ 
cooling fuel use in buildings; 50% 
electrification of industrial fuel uses 


Baseline Case Emissions 688 | 875 


Mitigation Case Emissions | 380 | 85 


Total Reduction 308 | 790 


Fig. 1. Emission reduction wedges for California in 2050. Top: Measures grouped into seven “wedges” 
reduce emissions from 875 Mt CO3e in the 2050 baseline case to 85 Mt CO;e in the mitigation case. In the 
2020 model results, the wedge contributions are consistent with implementation plans for California's 
policy objectives (AB32) for 2020. Bottom: Reductions by wedge are shown for the 2030 and 2050 
mitigation cases, in Mt COze and as a percentage of total reductions. The top three contributions are from 
energy efficiency (EE) (28%), electricity decarbonization (27%), and electrification of direct fuel uses 
(16%). For each wedge, the types of measures included and key assumptions are shown. 
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penetration in cases with a higher resource base 
and/or much lower energy demand—for example, 
as a result of lower population growth or lower 
economic growth. 

Unprecedented energy efficiency; limited con- 
tribution from biofuels. The rate of EE improve- 
ment required to achieve the target and enable 
feasible levels of decarbonized generation and 
electrification—1.3% year | reduction relative to 
forecast demand—is less than the level California 
achieved during its 2000-2001 electricity crisis 
(22) but is historically unprecedented over a sus- 
tained period. This level is, however, consistent 
with the upper end of estimates of long-term tech- 
nical EE potential in recent studies (23, 24). In 
our model, the largest share of GHG reductions 
from EE came from the building sector, through a 
combination of efficiency improvements in build- 
ing shell, HVAC systems, lighting, and appliances. 
EE improvements were complemented by other 
measures to reduce new energy supply require- 
ments for electricity, transportation, and heating. 
EE in combination with on-site distributed en- 
ergy resources (in the form of solar hot water and 
rooftop PV) reduced the net consumption of grid- 
supplied electricity and fuels in new residential 
and commercial buildings to zero by 2030 (25). 
Structural conservation in the form of “smart 
growth” urban planning to reduce driving require- 


ments was responsible for 5% of total emission 
reductions in 2050. 

Biofuels, although essential (because not all 
transportation can be electrified), made only a 
modest 6% contribution to the 2050 emissions 
reduction when feedstocks were constrained to 
be carbon-neutral, produced in the United States, 
and limited to California’s consumption-weighted 
proportional share of U.S. production (26-28). 
This feedstock was sufficient to provide 20% of 
transportation fuels in the form of cellulosic eth- 
anol and algal biodiesel, assuming that these tech- 
nologies achieve commercialization (fig. S15). In 
our model, biofuel feedstocks were dedicated 
to the production of transportation fuels as their 
highest-valued economic use, and these fuels were 
allocated to applications for which electrification 
is not a practical option, such as long-haul freight 
trucking and air travel. A small amount of bio- 
methane was used in power generation. 

In the baseline forecast, 2050 emissions of 
non-energy CO; (e.g., from cement manufactur- 
ing) and non-CO, GHGs [e.g., methane and ni- 
trous oxide from agriculture and waste treatment, 
and high—global warming potential (GWP) gases 
used as refrigerants and cleaning agents] were 
145 Mt COsze, more than the entire economy-wide 
target of 85 Mt COse. Relative to CO emissions 
from energy sectors, scientific understanding of 
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Fig. 2. The three main energy system transformations required to reduce GHG emissions 80% below 
1990 levels by 2050 in California. End-use EE must be improved very aggressively (annual average rate 
1.3% year’), electric generation emissions intensity must be reduced to less than 0.02 kg CO2e/kWh, and 
most direct fossil fuel uses in transport, buildings, and industry must switch to electricity, raising the 
electricity share of end-use energy from 15% today to 55% in 2050. Both economics and the current 
state of technology development suggest a staged deployment in large-scale infrastructural transfor- 
mation. Without aggressive levels of EE, the scale of decarbonized generation required to simultaneously 
replace fossil plants and meet both existing and newly electrified loads would be infeasible. Until high 
levels of electricity decarbonization are achieved, emission benefits from electrification would be limited. 
Without electrification, constraints on the other measures would limit total reductions to about 50% 


below 1990 levels. 
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long-term mitigation potential for these sectors is 
poorly developed (29-32). Nevertheless, it was 
clear that if these emissions were not abated, 
the 2050 target could not be met. We modeled 
mitigation by extrapolating California’s AB32 
implementation plan for 2020 (7) in three broad 
areas. Agricultural and forestry measures contrib- 
uted 47 Mt COsze of reductions, cement-related 
measures contributed 8 Mt CO;e, and industrial 
and other measures contributed 61 Mt COsze, for 
a total reduction of 116 Mt COze below the 2050 
baseline, which maintained the current share of 
non-energy/non-CO) in overall emissions. 

There is evidence that the three key energy 
system transformations identified here are broad- 
ly generalizable to developed economies. A recent 
report on 80% GHG reductions in the European 
Union found that similar transformations were 
required, including electrification of transporta- 
tion and buildings (33). In other studies, where 
reductions rely on EE and generation decarboni- 
zation but not electrification, lower GHG reduc- 
tion levels were achieved. For example, in a recent 
International Energy Agency study of technology 
paths in Organization for Economic Cooperation 
and Development member countries as a whole, 
the most aggressive scenario had a 2050 reduc- 
tion of about 50% below 1990 levels, with a 6% 
contribution from electrification (34). The consist- 
ency among these results is predictable, in that 
developed economies broadly share the same chal- 
lenges for reaching deep reduction targets—the 
need to virtually eliminate fossil fuel use in elec- 
tricity supply and in final consumption, especial- 
ly in vehicles and buildings. 

Infrastructure deployment and technology 
investment require coordination. In contrast to 
the findings of Pacala and Socolow, we found 
that achieving the infrastructure changes de- 
scribed above will require major improvements 
in the functionality and cost of a wide array of 
technologies and infrastructure systems, including 
but not limited to cellulosic and algal biofuels, 
CCS, on-grid energy storage, electric vehicle bat- 
teries, smart charging, building shells and appli- 
ances, cement manufacturing, electric industrial 
boilers, agriculture and forestry practices, and 
source reduction/capture of high-GWP emissions 
from industry (35). 

Not only must these technologies and systems 
be commercially ready, they must also be de- 
ployed in a coordinated fashion to achieve their 
hoped-for emission reduction benefits at accept- 
able cost. For example, switching from fuels to 
electricity before the grid is substantially decar- 
bonized negates the emissions benefits of electri- 
fication; large-scale deployment of electric vehicles 
without smart charging will reduce utility load 
factors and increase electricity costs; and without 
aggressive EE, the bulk requirements for de- 
carbonized electricity would be doubled, making 
achievement of 2050 goals much more difficult 
in terms of capital investment and siting. Figure 
3D shows the impact of aggressive EE on three 
key metrics of decarbonized electricity supply: 
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generating capacity, energy storage, and miles 
of high-voltage transmission line. For the mixed- 
generation case, achieving the 2050 target with 
baseline levels of EE raised the requirement for 
annual construction of decarbonized generation 
from a very formidable 3.7 GW year | to a prac- 
tically unachievable 7.0 GW year |, and the re- 
quirement for new transmission lines from 400 to 
960 miles year |. 

Our model shows a net mitigation cost to Cal- 
ifornia, relative to the baseline, of 0.5% of gross 
state product (GSP) in 2020, 1.2% in 2035, and 
1.3% in 2050 ($65 billion or $1200 per capita) 
(Fig. 4 and fig. S34). The transportation sector 
bore the highest share of these costs, reflecting 


the cost of fleet electrification. These results are 
highly sensitive to both measure costs and fuel 
price assumptions; using the upper value of the 
U.S. Energy Information Administration (EIA) 
long-term crude oil price forecast makes net mit- 
igation costs negative (fig. S12). Cumulative net 
costs from 2010 to 2050 were $1.4 trillion. The 
average cost of carbon in 2050 was $90/t COze, 
whereas the highest average cost by measure type 
was $600/t COz¢e for electrification measures (36). 
Because mitigation measures reduce fuel use by 
investing in energy-efficient infrastructure and 
low carbon generation, a much higher percentage 
of energy cost will go to capital costs; our model 
indicates a cumulative investment of $400 billion 


to $500 billion in current dollars (figs. S35 and 
S36) for electricity generation capacity in the mit- 
igation case, a factor of about 10 higher than the 
baseline case (37). 

The transition to an energy-efficient, low- 
carbon, electrified infrastructure thus requires mo- 
bilizing investment and coordinating technology 
development and deployment on a very large scale 
over a very long time period. How best to achieve 
this is the focus of active debate over the relative 
roles of markets, government, carbon pricing, R&D 
policy, regulation, and public investment (38). 
Many consider carbon pricing the key to achiev- 
ing efficient investment and providing incentives 
for consumer adoption; others argue that carbon 


Table 1. Primary and end-use energy and emissions by sector and fuel type in 2010 and 2050. The numerical difference between primary and end-use energy is 
due to conversion and other losses. Sources for population and economic data are given in the supporting online material. 


Residential 

Commercial 

Industrial 

Petroleum 

Agriculture 

Transportation 

Non-energy, non-CO2 GHG emissions 
Total all sectors 


Energy consumption (E)) 


Emissions (Mt CO>e) 


Primary energy consumption and emissions, by fuel type 


Direct fuel use 

Natural gas 

Gasoline 

Diesel 

Jet fuel 

Biomethane and biofuels 

Total direct fuel use 
Electric generation (primary) 

Natural gas (non-CCS) 

Coal (non-CCS) 

Fossil fuel w/ CCS 

Nuclear 

Renewables and hydroelectricity 

Other 

Total electric generation 
Non-energy, non-CO2 GHG emissions 
Total all fuel types 


End-use energy consumption and emissions, by fuel type 


Total direct fuel use 
Electricity (end-use) 
Direct fuel use + electricity 
Non-energy, non-CO2 GHG emissions 
Total end use by fuel type 

Intensity metrics 
CA population (millions) 
Per capita energy use rate (kW/person) 
Per capita emissions (t COze/person) 
Energy intensity ($/G]) 
Economic emissions intensity (kg COe/$) 


2050 


2050 2050 2010 bec ue 2050 2050 
20m Baseline Mitigation (%) sa au Baseline Mitigation 
Primary energy consumption and emissions, by sector 
1.60 2.56 0.52 18% 8% 71,3 117.1 5.4 
1.68 2.60 0.94 19% 14% 70.9 114.5 10.0 
1.41 1.39 0.96 16% 14% 67.4 67.3 6.4 
0.81 0.82 0.58 9% 9% 46.7 47.5 5.6 
0.34 0.52 0.21 4% 3% 16.3 27.1 1.0 
2.86 5.67 3.60 33% 53% 189.4 374.1 45.0 
56.4 127.8 11.4 
8.70 13.56 6.81 100% 100% 518.4 875.4 84.8 
2:13 3.40 0.38 31% 6% 148.9 185.1 20.5 
2.09 4.36 0.13 24% 2% 135.9 283.4 8.3 
0.73 1.23 0.39 8% 6% 50.2 84.7 26.6 
0.04 0.08 0.04 0% 1% 3.3 6.0 3.4 
0.00 0.00 0.73 0% 11% 0.0 0.0 0.0 
5.59 9.06 1.67 64% 25% 338.3 559.2 58.8 
1.45 2.90 0.01 17% 0% 72.1 135.3 0.4 
0.49 0.49 0.00 6% 0% 43.2 43.2 0.0 
0.00 0.00 2.18 0% 32% 0.0 0.0 10.6 
0.30 0.26 0.74 3% 11% 0.0 0.0 0.0 
0.71 0.66 2.04 8% 30% 0.4 0.4 0.8 
0.16 0.18 0.16 2% 2% 8.0 9.6 2.9 
3.11 4.49 5.14 36% 75% 123.7 188.4 14.7 
56.4 127.8 11.4 
8.70 13.56 6.81 100% 100% 518.4 875.4 84.8 
5.509 9.06 1.67 85% 45% 338.3 559.2 58.8 
0.98 1.63 2.03 15% 55% 123.7 188.4 14.7 
6.57 10.69 3.70 100% 100% 462.0 747.6 73.4 
56.4 127.8 11.4 
6.57 10.69 3.70 100% 100% 518.4 875.4 84.8 
38.8 56.6 56.6 
7.1 15 3.8 
13.3 15.5 1.5 
$249 $383 $762 
0.239 0.169 0.016 
0.42 0.39 0.02 


Electric emissions intensity (kg CO2e/kWh) 


56 6 JANUARY 2012 


VOL 335 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on January 5, 2012 


pricing is insufficient and requires complementary 
policies to address market failures, public goods, 
and coordination problems (16, 39, 40). Some 
make the specific case that pollution pricing is ef- 
fective in encouraging technology adoption but 
not technological innovation (4/, 42). Others are 
concemed that the venture capital model is mis- 
matched with the scale and timeline of investment 
required for an energy transformation (43) and with 
the risks created by the need for multiple technol- 
ogies to achieve commercialization in parallel 


(44). These concerns have led to calls for novel 
public-private partnerships to address investment 
failures through government absorption of private 
capital risk (43) and to address coordination and 
sequencing through industry-government road- 
mapping (45). 

Electricity’s role in future energy costs and 
climate policy. Another model result deserving 
special attention is the expanded role of electric- 
ity, which increases from 15% to 55% of end-use 
energy, essentially switching places with pe- 
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Fig. 3. Electricity consumption, load profiles, and fuel mix in baseline and mitigation scenarios. (A) In the 
mitigation case, aggressive end-use efficiency flattens baseline load growth. However, electrification of 
transportation adds a major new load, so that 2050 consumption is similar in both cases. (B) Smart 
charging of electric vehicles flattens the average daily load curve, reducing capacity requirements. (C) In 
the 2050 baseline scenario, load growth is met primarily with natural gas generation. Four mitigation 
scenarios are shown with different fuel mixes, constrained by California’s existing fuel mix and policy 
requirements (e.g., 33% renewable portfolio standard, continued licensing of existing nuclear gen- 
eration). The mixed case, which contains all three generation types, yields the results discussed in this 
paper and shown in Figs. 1 to 4. (D) New capacity requirements for each generation fuel mix are shown for 
generation, transmission, and energy storage. Without aggressive EE, new capacity requirements increase 
by roughly a factor of 2. The high—renewable energy case has higher new-capacity requirements than the 
high-CCS and high-nuclear cases; however, the high—renewable energy case does not have the high-CCS 
case requirements for CO2 transmission and storage capacity, or the high-nuclear case requirements for 
upstream and downstream nuclear fuel cycle facilities. 
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troleum products, which fall from 45% to 15% 
(Table 1). If electricity does become the dominant 
component of the 2050 energy economy, the cost 
of decarbonized electricity becomes a paramount 
economic issue. Our results show that generation 
mixes dominated by renewable energy, nuclear, 
and CCS, in the absence of cost breakthroughs, 
would have roughly comparable costs, raising the 
present average cost of electricity generation by a 
factor of about 2—a result also noted by other 
researchers (17). These findings indicate that min- 
imizing the cost of decarbonized generation should 
be a key policy objective. By some estimates, ag- 
gressive R&D policies could reduce the cost of 
low-carbon generation in the United States from 
2020 to 2050 by about 40% or $1.5 trillion (77). 

For electrified transportation, the inherently 
higher efficiencies of electric drivetrains would 
still allow a net reduction in fuel costs even with 
electricity prices doubled and oil prices at $100 
per barrel, as well as shifting cash flows away 
from foreign oil imports toward domestic pur- 
chases of electricity. On the other hand, electri- 
fication of direct fuel uses will increase costs in 
the residential, commercial, and industrial sec- 
tors, especially for heating; hence, there is a need 
for EE and design of new infrastructure in these 
sectors to minimize lifecycle costs. Because much 
of the required technology and infrastructure for 
a basic transformation of the energy system is not 
yet commercialized, comparative lifecycle costs 
are highly uncertain. However, because decar- 
bonized generation technologies are dominated 
by capital costs and are insensitive to oil and 
natural gas price volatility, an electrified econ- 
omy would have a long-term cost stability that 
could lower investment risk and make the op- 
timal level of EE more certain (46). Even varying 
measure costs from one-half to twice the nominal 
values in the mitigation scenario produced no 
more variation in overall energy system costs 
than did varying crude oil prices in the baseline 
scenario over the range in the EIA’s long-term 
forecast (fig. S12). 

The climate policy community has proposed 
a suite of policies to complement carbon pricing 
(e.g., EE standards, renewable energy standards, 
and R&D support) that reflect not only economic 
and technology goals but also sociopolitical con- 
siderations such as equity, local initiative, and 
adaptability (16). The central role of electricity in 
our results suggests the importance of electricity- 
sector governance as a tool of climate policy, but 
this has received relatively little attention until 
recently (47). Although some argue that regula- 
tion impedes innovation and increases implemen- 
tation costs (43), state-level electricity regulation 
has existing tools for pursuing many climate pol- 
icy goals, through both market mechanisms and 
direct regulation. Regulators can require that util- 
ities procure renewable generation, limit carbon 
intensities, implement customer EE and distributed 
energy programs, and set retail electricity rates that 
encourage conservation and electric vehicle charg- 
ing, internalize pollution costs, and allocate the 
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Fig. 4. Mixed-case net cost by mitigation type in 2020, 2035, and 2050. For each year shown, the left 
column shows incremental mitigation costs in excess of baseline costs, the center column shows in- 
cremental savings relative to baseline fuel costs, and the right column shows net cost (the difference 
between cost and savings). “Other” mixed-case costs include measure implementation costs not asso- 
ciated with EE, electrification, generation decarbonization, or biofuels. “Other” savings include jet fuel 
and natural gas purchases for direct use (e.g., heating). Net costs are $15 billion in 2020, $45 billion in 
2035, and $65 billion in 2050. This is equivalent to $320 per capita or 0.5% of the statewide GSP in 
2020, $910 per capita or 1.2% of the statewide GSP in 2035, and $1200 per capita or 1.3% of the 


statewide GSP in 2050. 


costs of these policies equitably (7, 48). Given 
the political challenges of achieving comprehen- 
sive federal climate legislation, it is worth further 
exploring decentralized electricity governance as 
a climate policy mechanism. 

Assuming plausible technological advances, 
we find that it is possible for California to achieve 
deep GHG reductions by 2050 with little change 
in life-style (although the potential for life-style 
change deserves further study). The logical se- 
quence of deployment for the main components 
of this transformation is EE first, followed by 
decarbonization of generation, followed by elec- 
trification. This transformation will require elec- 
trification of most direct uses of oil and gas. In 
California, no single generation technology (re- 
newable energy, nuclear, or CCS) can be used 
to decarbonize all electricity; a mixed generation 
portfolio is required. If it is true that the low- 
carbon path features electricity, then the question 
is how best to mobilize investment and coordi- 
nate R&D and infrastructure rollout to achieve 
this end, and what climate policy modalities will 
be most effective. If the oil economy is replaced 
by the electric economy, it is instructive to con- 
sider the implications of the price of a decarbon- 
ized kilowatt hour replacing the price of a barrel 
of oil as a benchmark for the overall economy. 
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Subparticle Ultrafast Spectrum 
Imaging in 4D Electron Microscopy 


Aycan Yurtsever, Renske M. van der Veen, Ahmed H. Zewail* 


Single-particle imaging of structures has become a powerful methodology in nanoscience and 
molecular and cell biology. We report the development of subparticle imaging with space, 
time, and energy resolutions of nanometers, femtoseconds, and millielectron volts, respectively. 
By using scanning electron probes across optically excited nanoparticles and interfaces, we 
simultaneously constructed energy-time and space-time maps. Spectrum images were then 
obtained for the nanoscale dielectric fields, with the energy resolution set by the photon 
rather than the electron, as demonstrated here with two examples (silver nanoparticles and the 
metallic copper—vacuum interface). This development thus combines the high spatial resolution 
of electron microscopy with the high energy resolution of optical techniques and ultrafast 
temporal response, opening the door to various applications in elemental analysis as well as 


mapping of interfaces and plasmonics. 


ubstantial progress has been made in the 
imaging of matter at the smallest length 
scale and shortest time response, using a 
range of optical and electron-based methods. Re- 
cent developments in electron microscopy have 
enabled studies of nanostructures with remark- 
able spectral and spatial resolution (/—4). How- 
ever, a single nanoparticle-probing method with 
simultaneously high spatial, temporal, and spec- 
tral resolution has not hitherto been reported. 
Here, we report ultrafast spectrum imaging 
(USD, with subparticle spatial resolution, in elec- 
tron microscopy. The electron beam is focused 
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down to the nanometer scale, the electron packet 
has femtosecond duration, and the energy resolu- 
tion, optically induced, is in the millielectron- 
volt range; the energy and temporal resolutions 
are no longer limited to those of conventional 
microscopy imaging. At every probe position 
across a nanoparticle, or at an interface, the elec- 
tron energy-gain spectrum can be acquired as a 
function of the time delay between femtosec- 
ond optical and electron pulses, and imaging is 
complete when the focused probe is simultaneous- 
ly scanned. 

We conducted two sets of experiments to dem- 
onstrate the potential of the technique. For plas- 
monic Ag particles, we observed the polarized 
electric field distribution, the femtosecond dielec- 
tric response, and the nanometer spatial localiza- 
tion of a single particle. For the Cu metal-vacuum 
interface, we determined the effective decay length 


(nanometer scale) and the evolution (femtosec- 
ond resolution) of the plasmonic field, and iden- 
tified the strong and weak regions of the field by 
scanning the probe away from the interface. We 
anticipate a broad range of applications of USI 
because of the dimensions it simultaneously en- 
ables for imaging in space, time, and energy. 

Knowledge of the dielectric response of ma- 
terials and biological systems to an optical ex- 
citation is essential to the determination of the 
strength and extent of interaction between elec- 
tromagnetic waves and systems under study. For 
example, bulk materials’ reflection and absorp- 
tion are dictated by such responses at the inci- 
dent wavelengths. At the nanoscale, where the 
boundaries can have a marked effect on the way 
light manifests itself, the response can include 
spatially localized plasmonic fields (5, 6). It fol- 
lows that an understanding of the dynamics at the 
microscopic level, with combined spatial, spec- 
tral, and temporal resolutions, would be indis- 
pensable, both at the fundamental level and for 
various applications. 

For bulk systems, there exist various optical 
techniques for measuring the dielectric response; 
these include ellipsometry, Fourier transform in- 
frared spectroscopy, and Raman spectroscopy. In 
the frequency domain, these techniques can read- 
ily reach the energy resolution necessary to dif- 
ferentiate vibrational and rotational modes in 
molecules (meV and sub-meV) and collective vi- 
brational excitations in solids (phonons). In the 
spatial domain, however, these techniques are lim- 
ited by diffraction effects, and hence they exhibit 
a typical resolution of several hundred nanometers 
at the visible wavelengths. Modern optical meth- 
ods have enabled improvement of resolution (7—9) 
beyond the diffraction limit in certain circumstances, 
but they cannot provide the spatial resolution of 
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electron microscopy, which is currently in the sub- 
angstrom regime (/0, //). 

Convergent (focused) semirelativistic elec- 
trons, with their picometer wavelength, provide 
the means to study time-averaged images of sin- 
gle particles, molecules, and interfaces (/2). When 
these probes are combined with the scanning 
and spectrometric capabilities of electron micro- 
scopes (/3), detailed analysis of a specific energy 
loss with very high spatial precision is possi- 
ble. The rich applications of this methodology 
in (sub)nanoscale science began with the map- 
ping of charged states of silicon (/4) and carbon 
atoms (/5) across interfaces. Subsequently, sin- 
gle atoms inside nanotubes (/6), solids (77), and 
atomic columns of crystals (78) were visualized 
with spectrum imaging of a specific core loss, 
and localized surface plasmons on a silver nano- 
particle were recently mapped by using the low- 
loss region of the electron energy loss spectroscopy 
(EELS) data (79). The development of aberration- 
corrected microscopes has provided electron probes 
with enough sensitivity to achieve spectrum im- 
aging with sub-angstrom resolution and sub- 
minute acquisition time (3). 

Although the combination of real-space im- 
aging and EELS formed the basis of a powerful 
technique, both the time and energy resolutions 
are still dictated by limitations of the microscopes 
used. The temporal resolution is controlled by 
the speed of the acquisition time of the detector 
(~30 ms), rendering many phenomena that oc- 


Femtosecond 
Electron Probe 


Femtosecond 
Excitation 


Fig. 1. Ultrafast spectrum imaging. A femtosecond nanoscale electron probe 
(here, 10 nm in diameter) is scanned across a graphene-supported plasmonic Ag 
nanoparticle that has been optically excited by a green laser pulse at 2.4 eV. At 
every probe position and femtosecond time delay, EEG spectra are acquired to 


Graphene Substrate 


cur on the fast/ultrafast time scale inaccessible 
to such microscopes. The energy resolution in 
EELS typically ranges from 0.4 to 1 eV, depend- 
ing on the type of the electron gun used. With 
the advent of monochromated microscopes, it 
became possible to improve the resolution to 
100 meV (20). Even with this impressive im- 
provement, the energy resolution is still far 
below that of optical techniques. Moreover, the 
important visible-infrared spectral region is 
difficult to study, especially because this region 
is usually obscured by the tail of the large zero- 
loss peak (ZLP). The ideal imaging technique 
would therefore combine the spatial character- 
istics of electron microscopy with the spectrum 
characteristics of optical microscopy, at ultrafast 
temporal resolution. 

Earlier work from our group has been con- 
cerned with the development of ultrafast electron 
microscopy and its applications to study phenome- 
na such as structural dynamics and mechanical 
oscillations; these developments are summarized 
and detailed in (2/, 22). More recently, adapting 
the ultrafast convergent beams (23) enabled Kikuchi 
diffraction (24) and dark-field real-space imaging 
(25). For near-field imaging, the work our group 
reported in (26) applied parallel-beam illumina- 
tion with very wide energy selection; in contrast, 
here we invoke a focused scanning beam and en- 
ergy is specified by the photon frequency. There 
were some concems about the temporal resolu- 
tion of a tightly focused ultrafast probe, because 


the focused area is very small and space-charge 
effects may broaden the pulse. Here, we show 
that there is no loss of temporal resolution even 
in a 10-nm probe. The spectral resolution is 
set by the photons, not the electrons, as dis- 
cussed below. 

The USI setup is displayed schematically in 
Fig. 1. Following optical excitation, the femto- 
second electron packets were focused onto a 
nanoparticle placed on a graphene substrate. At 
every spot position, a temporal scan was per- 
formed with step duration of 100 fs, and the 
electron energy gain and loss were recorded for 
every time step, relative to the time zero defined 
by the initial excitation. The probe was then scanned. 
across and in the vicinity of the particle (see sup- 
porting online material). This enabled the forma- 
tion of phase-space (time-energy) images as a 
function of the probe position and with subpar- 
ticle spatial precision (Fig. 1, right). The data were 
then analyzed for all frames defined by their time, 
energy, and spatial coordinates to make USI mov- 
ies, as shown in Fig. 2 and in movies S1 to S3. 
From these frames, it !was possible to visualize the 
spatiotemporal dielectric response of the plasmonic 
particle after excitation with visible light. We em- 
phasize that the observed behavior is at the exact 
pump energy of 2.4 eV, with the energy spread 
limited only by the few meV width of the initiat- 
ing (pump) optical pulse. (In unpumped EELS 
studies, the energy resolution is typically 1 eV.) 
Moreover, when the pump-laser wavelength is 


Space-Time-Energy Resolved Frames 


Time (fs) 


t= +100 fs 


ihe +200 fs 


map the space-time-energy coordinates, as shown with typical frames at the 
upper right. Shown also are the bright-field image of the particle (with edge 
length 130 nm; lower left) and the field distributions in three dimensions 
together with projections at two time delays. 
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scanned, USI can map changes in the plasmonic 
fields, with the energy and spatial resolutions 
respectively set by optical and electron micros- 
copy characteristics. 

The inelastic loss and gain features seen in 
the energy-time images (Fig. 1, right; see below) 
at the multiples of the pump-laser energy (tnhv, 
where n is the order number) are a direct result 
of photon exchange between the electron packets 
and the localized evanescent electric field of 
the particle (26). In the absence of external elec- 
tromagnetic excitation, the inelastic interaction 
between electrons (pulsed or continuous) and 
matter exclusively involves energy loss. Once 
the structure is illuminated by external pho- 
tons, the electrons may also gain energy from 
these photons, offsetting the collisional energy- 
loss phenomenon. Moreover, the cross section 
of electron energy gain (EEG) events depends 
on the pump laser fluence and is typically much 
higher than that of conventional energy-loss 
processes, such as those due to collective and 
single-valence electrons. This ultrafast phenom- 
enon was experimentally observed in our labo- 
ratory (26) and was theoretically investigated by 
several groups (27-29). When it was invoked 
for real-space imaging, it was dubbed photon- 
induced near-field electron microscopy (PINEM). 

Photons and near-relativistic electrons do 
not effectively couple in free space because the 
difference between their wave vectors (momen- 
ta) is large. One way to increase the coupling 
efficiency is to introduce a spatial confinement, 
or photon field distribution, along the direc- 


t= +200 fs 


na 


Fig. 2. USI time and order frames of the plasmonic triangular particle. Energy- 
gain images at +1hv (left), +2hv (center), and zero energy gain (right) are 
obtained for the Ag particle from the gain intensity at different time delays 
and probe positions (see Fig. 3A for energy gain spectra). The bottom row 
shows the temporal evolution after 200 fs, which maps the evanescent 
electric fields excited by the linearly polarized laser pulse. The intensity 


tion of the electrons’ propagation. Nanoscale 
objects with their localized fields provide the 
necessary momentum conservation requirement 
for electrons to effectively interact with photons 
through the reciprocity of the uncertainty prin- 
ciple (AxAp ~ hi). Because these interactions are 
inelastic, there is a force acting on the electron 
and the confined electric field will have a paral- 
lel component to the electrons’ trajectory. In the 
classical picture, the process can be understood 
as acceleration (energy gain) and deceleration 
(energy loss) of electrons in the spatiotemporal 
field. It is these confined fields that USI explores. 

In Fig. 2, the reconstructed USI frames at 
+200 fs and at time zero are shown for the gain 
of one quantum (+1/v), two quanta (+2hv), and 
no energy gain (ie., zero-loss peak) (30). The 
probe position, diameter, and nanoparticle bound- 
aries are all measured from the bright-field im- 
ages and are shown to scale on the axes of Fig. 2. 
Examining the time-zero frame for +lhv map- 
ping reveals that the strongest energy gains are 
localized at the left edge and at the right vertex 
of the triangular particle, with almost none oc- 
curring in the middle. The +2/v frame further 
confirms this observation. More important, be- 
cause it is a two-photon gain (n = 2) process, 
the +2/v frame maps the electric field at its 
strongest locations, in analogy with pulse clip- 
ping, hence improving spatial localization. The 
field is concentrated around the apex, within 
an area ~20 nm in diameter, and at the oppo- 
site left edge, within an area ~40 nm in diam- 
eter. The ZLP frame shows a complementary 


t= +200 fs 


nae 


frames. 


REPORTS 


behavior to the energy-gain frames with reversed 
intensity distribution, as expected, although there 
is less observed localization because this frame 
contains contributions from all values of n. This 
detailed spatial behavior is accessible because 
of the resolution inherent in USI and its sen- 
sitivity to capturing images before the field de- 
cays on the femtosecond time scale. 

After 200 fs have elapsed since excitation, the 
intensities of both one-photon and two-photon 
mapping have dropped as a result of the tem- 
poral response of the evanescent field and the 
excitation laser. The +2/v image diminishes faster 
than the +1/v image, rising and decaying in o = 
220 fs versus 290 fs for the first-order response. 
This improvement in temporal resolution of higher 
orders has been observed in PINEM studies 
(28). However, individual orders were not used 
for imaging because of the use of parallel-beam 
illumination and the large window of energy 
filtering. The temporal narrowing is understood 
because higher-order energy gains have a power- 
law dependence on the excitation pulse intensity, 
and hence they effectively reduce pulse duration; 
for instance, two-photon gain with a Gaussian 
pulse reduces the width by 2, in accordance with 
taking the square of the Gaussian. This improves 
the temporal resolution of the higher-order USI 
frames beyond the original pulses used. 

The observed spatial behavior of the Ag 
nanoparticle can be qualitatively understood by 
first considering the linear polarization of the 
excitation light and the pertaining length scales. 
The triangular particle has a thickness of 20 nm 


n= 0 (ZLP) 


behavior of the ZLP is reversed relative to energy-gain images (see text). The 
intensities are proportional to the height of the cylinders, which are mapped 
with false colors. Top and bottom rows share the same color scale designated 
by the bar. The spatial dimensions (in nanometers) in the lateral plane are 
indicated on the axes of the ZLP (n = 0) at t = 0 and are the same for all 
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Fig. 3. (A) Experimental and theoretical phase-space (time-energy) images 
of the Ag nanoparticle as a function of probe position. A single spectrum at 
t = +100 fs is shown at the bottom of each image. The theory reproduces 
the experimental results very well; the time-dependent Schrédinger equa- 
tion is used for the theoretical calculations without prior knowledge of the 
shape or strength of the field (see text). The false color scale is logarithmic; 
the schematic insets show the probe position relative to the particle in 


space. (B) Phase-space images and time-zero energy spectrum (bottom) of 
the Cu metal-vacuum interface. The data were taken at 30 nm distance from 
the interface and in the vacuum. Seven energy-gain (EEGS) and energy-loss 
(EELS) orders, in units of hy = 2.4 eV, are clearly visible in both the experi- 
mental data and the theoretical calculations. The inclination with varying 
slopes for each order is indicated by a dashed white line. The theoretical 
treatment is distilled in the text. 


(measured by low-loss EELS) and an edge 
length of 130 nm; these dimensions are smaller 
than the wavelength of the incident green pho- 
tons (518 nm). This implies that the quasi-static 
approach of the Rayleigh limit can be invoked 
as a first-order approximation of light-matter 
interaction. In this regime, the conduction band 
charge density of the metallic particle exhibits 
a dipole-like behavior (for spherical particles) 
with a well-defined polarization direction, but 
the triangular shape may force charge redistribu- 
tion toward the vertices through repulsion. These 
surface charge oscillations create an evanes- 
cent electric field (as described by Poisson’s equa- 
tion), which is imaged with USI, as shown in 
Fig. 2. The more complete Mie theory extends 
the dipolar behavior by including retardation ef- 
fects and damping mechanisms (28). 

To quantify the nature of the field, we per- 
formed theoretical calculations and compared 
the results with the experimental phase-space im- 
ages for three different probe positions (Fig. 3A). 
The theory reproduces the experimental results 
remarkably well, further confirming that the stron- 
gest fields are close to the apex and edge of 
the particle and the weakest one is at the cen- 
ter of it. The theoretical calculations follow 


the approach outlined in (28), where the time- 
dependent Schrédinger equation is solved for the 
three-body (electron-photon-nanostructure) inter- 
actions, giving an analytical relationship between 
the EEGS intensities and the electric fields in- 
volved. The experimentally measured EEGS sig- 
nal is related to the integrated z-component of 
the electric field given by 


Ye 


U(ty) — hy 


| Er *(z, 1, )exp(—iz/b)dz 
(1) 


where b, the characteristic impact parameter in 
EELS, is given by /v,/hv; hv is the photon 
energy of the excitation pulse; v. is the speed 
of semirelativistic electrons; g, is the unit elec- 
tric charge; and £* is the complex electric field 
parallel to the trajectory (z) of the electron. Here, 
we introduce the r,,, vector to account for the 
different probe positions that are in the x-y 
plane. It follows that if we use the USI results 
and a least-squares fit procedure, we can obtain 
the field strength U(r,,) as a function of probe 
position. These dimensionless quantities have the 
values U(r) = 1.88, U(r2) = 0.95, and U(r3) = 
1.24 for three different positions shown in Fig. 


3A. Thus, without prior knowledge of the par- 
ticle’s shape or the excitation laser’s polariza- 
tion, the electric field can be quantified with 
subparticle spatial resolution. 

The phenomena discussed so far involve 
weak electric fields. To go beyond this regime, 
we have also studied the Cu metal-vacuum in- 
terface, for which the plasmonic field is strong 
in the vicinity of the interface. Relative to the 
Ag nanoparticle, the Cu slab is semi-infinite in 
the lateral direction, and higher charge (and field) 
densities are therefore expected to accumulate 
at the interface upon excitation with linearly po- 
larized light. Regions that were in close proxim- 
ity to the interface were previously inaccessible, 
but with the convergent ultrafast electron probes, 
they can now be studied. Figure 4C depicts the 
probing arrangement of the interface. We note 
that cathodoluminescence can provide spectral 
responses with nanometer spatial resolution (3/); 
however, it is limited to radiative emission modes 
and, more important, the processes are caused 
by electron impact, not photon excitation. 

Unlike the case of the Ag nanoparticle, we 
observed two regimes of interaction at the Cu- 
vacuum interface, which we term “dynamical” 
and “kinematical” EEGS; these dominate in the 
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Fig. 4. Probe scans at the Cu metal—vacuum and, for comparison, Ag 
nanoparticle-vacuum interfaces. (A) Normalized USI intensity (at tf = 0) ver- 
sus probe distance from the interface for the two systems studied; note the 
distinct difference between the particle and slab behaviors. The Ag nano- 
particle scan was taken outside and away from the highest-intensity edge of 
the particle. The red dashed line is an exponential fit to the particle data. (B) 
Intensity profile for the different orders studied; the dashed blue line illus- 


trates the origin of spatial confinement as the order increases, as observed 
experimentally (circles) and calculated theoretically (solid lines). The inten- 
sity of experimental data points was normalized to the total integrated inten- 
sity of their respective spectra. (C) Schematic of femtosecond electron-probe 
scanning after the excitation of the Cu slab together with 3D field behavior 
(see text). (D) Energy level diagram in the kinematical and dynamical photon- 
electron exchange regimes. 


strong- and weak-field regimes, respectively. The 
analogy to diffraction terminology reflects the 
number of particles involved; for our case here, 
it is a single-photon process, whereas in diffrac- 
tion it is a single electron-scattering event (32). 
The strong-field limit can be seen in Fig. 3B, 
where seven EEGS and EELS peaks were ob- 
served for the Cu-vacuum interface. This is in 
contrast to the Ag nanoparticle case, where at 
most two orders were observed. Figure 4, A and 
B, shows the probe position dependence of sev- 
eral EEGS orders, experimentally and theoret- 
ically, together for comparison with the interface 
behavior of the Ag nanoparticle, which has a 
decay length of 55 nm into the vacuum. When 
the USI intensity of the first-order (+1/v) peak 
is plotted against the position of the probe, we 
clearly observe a buildup and decay with a 
peak 100 nm away from the interface. The the- 
ory outlined above predicts such behavior for 
the first and higher orders (solid lines in Fig. 4, 
A and B). Physically, this behavior is due to the 


collective exchange of photons (see Fig. 4D) 
when the field is strong at the interface; 100 nm 
away, the field reaches the threshold intensity 
for the kinematical regime (i.e., the single photon- 
electron exchange). Thus, the buildup is due to 
the depletion of the n = 1 process with a con- 
comitant rise in higher-order n # 1 processes 
until the threshold is reached at 100 nm. An- 
other feature that is prominent for higher orders 
is the inclination in time-energy maps (Fig. 3B, 
dashed white line). This feature is a result of the 
chirp of electron pulses, but we do not analyze it 
in detail here. 

Both the spectral and temporal resolutions in 
our setup are determined by the laser field, not 
the microscope-limited values of milliseconds 
and fractions of electron volts, respectively. Fu- 
ture developments may enable the nanometer- 
scale spatial resolution of our experiments to be 
extended to the atomic scale. High-order gain 
imaging can be exploited to further enhance the 
spatial localization and temporal response, as 


demonstrated above. These combined dimen- 
sions of USI promise other applications in var- 
ious domains, including those of molecules, 
particles, and possibly cells. 
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As silicon electronics approaches the atomic scale, interconnects and circuitry become comparable 
in size to the active device components. Maintaining low electrical resistivity at this scale is 
challenging because of the presence of confining surfaces and interfaces. We report on the 
fabrication of wires in silicon—only one atom tall and four atoms wide—with exceptionally low 
resistivity (~0.3 milliohm-centimeters) and the current-carrying capabilities of copper. By 
embedding phosphorus atoms within a silicon crystal with an average spacing of less than 

1 nanometer, we achieved a diameter-independent resistivity, which demonstrates ohmic 

scaling to the atomic limit. Atomistic tight-binding calculations confirm the metallicity of these 
atomic-scale wires, which pave the way for single-atom device architectures for both classical 


and quantum information processing. 


he continuous miniaturization (J—3) of 

| classical as well as quantum electronic 
devices and circuitry for information pro- 
cessing relies on the implementation of low- 
resistivity leads and interconnects that are of 
the same scale as the active device components 
themselves (4, 5). At the fundamental limit of 
downscaling in semiconductor devices, func- 
tionality is obtained from only a few (6), or even 
single, dopant atoms (7-9) embedded within 
the semiconductor crystal. This emerging field 
of research, in which device properties are de- 
termined by a single dopant, is called solotronics 
(solitary dopant optoelectronics) (/0). However, 
large-scale device architectures using multiple 
solitary dopants, such as donor-based quantum 
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computers (//—/4), require addressability of the 
individual dopants with interconnects compara- 
ble in size to the single-dopant Bohr radii (ag ~ 


Fig. 1. Atomically abrupt A 
dopant wires in silicon. 
(A) STM image of a 4-atom- 
wide (1.5 nm), one-atom- 
tall, and 106-nm-long wire 
template, patterned along 
the <110> direction and 
connected to source/drain 
leads. Scale bar, 50 nm. 
(B and ©) Atomic resolution 
images of a two-dimer- 
row-wide wire, before (B) 
and after (CQ) PH3 dosing. Af- 
ter PH3 exposure, the wire 
shows a large number of 
PH, (x = 1,2) fragments, 
strictly confined within the 
patterned regions. (D) At- 
omistic NEMO modeling 
of the electron distribution 
in a 1.5-nm dopant wire 
demonstrating tight charge 
confinement with a spread 
of the wave function out- 
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2.5 nm for P in Si). In this size regime, main- 
taining low resistivity is challenging because of 
the increased ratio of surface or interface to vol- 
ume that limits both the mobility and availabil- 
ity of free carriers. Indeed, in the sub-10-nm size 
regime, even heavily doped Si wires become high- 
ly resistive because of the limited doping den- 
sity achievable (/5) or as a result of the reduced 
doping efficiency (/6) from the dielectric mis- 
match between the wire and its surroundings. 
We demonstrate that bulk-like resistivities 
can be retained to the atomic scale by fabricat- 
ing “interface-free” dopant wires embedded in 
single-crystalline Si. We used scanning probe 
lithography (6, /7) and a gaseous dopant source 
to write atomic-scale dopant wires on the Si(100) 
surface. We then embedded them within the Si 
bulk using molecular beam epitaxy (MBE), thereby 
removing them from surface and interface states. 
Figure 1A shows a scanning tunneling micros- 
copy (STM) image of a 1.5-nm-wide wire tem- 
plate (corresponding to two dimer rows) extending 
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to a length of 106 nm between the source and 
drain leads. The dark regions correspond to 
hydrogen-terminated Si(001), and the features 
with lighter contrast correspond to Si dangling 
bonds exposed by the STM-induced desorption 
of the hydrogen resist monolayer. Source and 
drain contact arms were also patterned by STM 
lithography in the same fabrication step, extend- 
ing out to a total size of ~2 um (length) by ~1 um 
(width), which were used for ex situ alignment 
of metal contacts (/7). Subsequent exposure to 
PH; gas selectively doped the wire template as 
well as the contact arms with a resolution set by 
the atomistic nature of the underlying reconstructed 
Si(001) surface. Atomic-resolution images of a 
two-dimer-row-wide template before and after 
dosing (Fig. 1, B and C) highlight the adsorp- 
tion of PH, (x = 1, 2) solely within the wire region. 
After a short anneal and epitaxial overgrowth, 
the P dopants were embedded in the silicon bulk 


forming Si-P bonds, resulting in an atomically 
abrupt doping profile (JS, 79) with extremely 
high planar doping density of ~0.25 monolayers 
(Np ~ 2 x 10'* cm) (20). In three dimensions 
(3D), this density corresponds to a value of 
~107! cm >, three orders of magnitude beyond the 
Mott metal-insulator transition. The average dop- 
ant separation is <1 nm, smaller than the Bohr 
radius of a single donor (ag ~ 2.5 nm) (2/). Con- 
sequently, the wires are crystalline, atomically ab 
rupt, and expected to show metallic conduction. 

The wires presented here are thin enough to 
allow a fully atomistic theoretical treatment using 
the tight-binding code NEMO-3D (22, 23). We 
calculated the self-consistent charge-potential pro- 
files of the wires, taking into account both the 
high density and discrete nature of the doping. 
The wires were represented by an infinite repe- 
tition of a supercell in the <110> direction, with 
the doping distribution matched to a doping den- 


Table 1. Atomic dopant wires of different width. L and w denote the lithographic length and width 
of each wire studied. A,, and d,, are the effective electronic cross section and diameter of the wires 
as determined by atomistic calculations. Resistivities, py, were extracted from the wire resistance 
Rw using Ai. Measured wire resistances are compared to theoretically predictions R.a, based on the 


tight-binding calculations. 


w L Aet deat Rw Pw Reate 
sample (nm) (nm) (nm?) (nm) (kQ) (mQ cm) (kQ) 
W1 11.0 312 27.5 13.1 48.6 0.43 30+4 
w2 4.6 47 9.8 5.2 5.3 0.11 7+1 
w3 73 54 5.0 2.9 10.1 0.10 15 +2 
w4 23 20 5.0 2.9 17.1 0.42 641 
WS is 106 3.8 23 82.3 0.26 3144 
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Fig. 2. Diameter-independent bulk-like resistivity down to the atomic limit. (A) Radial charge density 
lyl* dr of the thinnest wire (W5) showing the effective cross-sectional area A. (white dotted ellipse), 
used to calculate the wire resistivity pw. (B) The corresponding effective wire diameter da (arrows) is 
determined from a cut through hyl* dr in the plane of the dopants. (C) Resistivity py (d.)) of the STM- 
patterned wires (blue and purple diamonds), showing that it remains constant down to the fundamental 
scaling limit. The average value is near that for the silicon bulk resistivity at equivalent doping density 
(blue line). This is in contrast to an exponential deviation from bulk values as found in VLS-grown 
nanowires. [Open circles, data graphically extracted from (16). The lines are guides to the eye.] (Inset) 
Pw (d.) on a double-logarithmic scale. 
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sity of 0.25 ML for each lithographic linewidth. 
The modeled wires were embedded within 70 nm 
of silicon in both transverse directions. The cen- 
tral 16 nm was modeled with an atomistic repre- 
sentation of the silicon lattice, while the remaining 
54 nm was represented as a homogeneous di- 
electric with €g; = 11.7. The density of states 
(DOS) was computed over the first Brillouin 
zone in 1D k-space, subject to charge neutrality 
in equilibrium, where the total electron number 
equals the number of positively ionized donors. 
Exchange and correlation effects are taken into 
account within the local density approximation 
(LDA) (24). The resultant electronic charge dis- 
tribution along the thinnest wire (1.5 nm wide) 
is shown in Fig. 1D. The doping density changes 
by ~6 orders of magnitude from inside the wire 
(Np ~ 107! em °) to the lightly doped surrounding 
silicon substrate (~10'° cm’>), giving an extreme- 
ly small Thomas-Fermi screening length (~0.5 nm) 
and strong charge confinement. 

Five different wires were measured (Table 1), 
all showing ohmic current-voltage (/-V) charac- 
teristics at T= 4.2 K. At an applied bias of 500 
uV (a low value was chosen to avoid elec- 
tromigration damage), we achieved current den- 
sities of up to 5 x 10° A cm’, which is near the 
maximum current densities of state-of-the-art cop- 
per interconnects (~10° A em) (5). To calculate 
the net wire resistance Ry, we first subtracted 
series resistances from the four-terminal resist- 
ances, which can be accurately determined by 
knowing both the sheet resistivity (530 Q/O) 
and the exact geometry of each STM-patterned 
contact arm. Linear /-V characteristics with 
Rw <100 kQ demonstrate the effective metallic 
doping down to a width of 1.5 nm. In Fig. 1E, 
we plot the wire resistance normalized by the 
lithographic width (Ry = w) as a function of the 
wire length L. We include data from previously 
published results on wider STM-patterned wires 
(25) (purple diamonds) and observe ohmic scal- 
ing of the resistance for all devices, as typically 
observed in macroscopic metallic systems. 

The unambiguous demonstration of ohmic 
scaling is a constant resistivity py = Rw(4a/L), 
independent of geometric variables such as wire 
length or width. When determining the resistiv- 
ity of these wires, it is necessary to consider the 
effective electronic cross-sectional area, A, rather 
than their lithographic dimensions. Charge con- 
finement is provided solely by the presence of 
the ionized dopants screened by both the silicon 
dielectric and the mobile electronic charge. As a 
consequence, the electronic width of the wire 
can extend into the surrounding silicon bulk and 
enlarge the effective diameter of the wire. The 
charge self-consistent NEMO-3D code captured 
this effect and allowed us to quantify A. direct- 
ly. Figure 2A shows the modeled radial charge 
distribution of the thinnest wire (W5), averaged 
over the length of the supercell. The decay of the 
charge distribution is given by |y|* dr, where 
y ~ exp(—7/a) represents the electronic wave func- 
tion away from the core region of the doped wire 
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with a decay length a defined analogously to the 
Bohr radius ag of an isolated P donor. By con- 
sidering a in all radial directions, we quantify 4.1, 
where y decays to 1/e of its peak value, as shown 
by the dotted line in Fig. 2A. Thus, >70% of the 
total electronic charge is enclosed in the modeling 
domain. In turn, this also allowed us to determine 
the effective electronic diameter d. of the wire (ar- 
rows in Fig. 2B). For W5, we found d. = 2.3 nm 
compared with w = 1.5 nm (see Table 1). We sim- 
ulated several supercell configurations with dif 
ferent dopant positioning within the wire, which 
revealed negligible impact on either 4.) or de 
down to the thinnest wire. 

In Fig. 2C, we compare the resistivity pw as a 
function of the wire diameter d., (blue and purple 
diamonds) with reported values for other silicon 
wires. It is evident that for the STM-patterned 
wires, Pw remains constant despite d., varying 
over nearly two orders of magnitude. The inset 
shows pw on a double-logarithmic scale, reveal- 
ing a minimum resistivity of 0.1 mQ cm (W3), 
the lowest reported in doped silicon wires. The 
average resistivity (pw = 0.3 + 0.2 mQ cm) is 
comparable to that of bulk-doped silicon of sim- 
ilar doping density (26) (blue line). The relatively 
large spread of resistivity at such low values can 
arise from sample-to-sample variations in the 
spatial distribution of the dopants within the wires. 
Our data contrasts sharply with the behavior of 
other doped Si wires previously reported, where 
strong deviations from bulk values of the re- 
sistivity were typically observed below d ~ 10 nm 
(15, 16). We have reproduced the resistivity data 
of vapor-liquid-solid (VLS)}-grown wires with 
three different doping densities, measured by 
Bjork et al. (16), where the resistivity is observed 
to increase exponentially with decreasing diameter. 
This resistivity increase was more pronounced 
for the lower doping densities and prevailed even 
when the wire and resistivities were corrected 
for a depletion width arising from surface and 
interface states. Bjérk et al. attribute this expo- 
nential rise to suppression of dopant activation 
and a concomitant decrease in free-carrier den- 
sity. Theoretical calculations by Diarra et al. (27) 
predict a d' dependence of dopant ionization 
energy for d < 10 nm, induced by a mismatch in 
the dielectric constants of the silicon wire (€j,) 
and its environment (€o,;). For €in > Eoy, the 
dopant core potential is insufficiently screened, 
resulting in an increase in ionization energy. The 
exponential divergence persists to the highest dop- 
ing density achievable in VLS growth (/5), indi- 
cating the existence ofa scaling barrier at d~ 10 nm 
for doped silicon wires. 

In contrast, by embedding the doped wires 
within bulk silicon, we eliminated the dielectric 
mismatch (€in, = €our) and thereby achieved full 
dopant activation. This feature, combined with 
atomically doping the silicon wire to extremely 
high densities using a gaseous dopant source, al- 
lowed us to overcome the apparent scaling barrier 
and resulted in the persistence of bulk-like re- 
sistivity down to da = 2.3 nm (w = 1.5 nm). 
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Fig. 3. Atomic-scale dopant wires at the scaling limit. (A) Band structure of the 1.5-nm-wide wire (W5) 
displaying band metallicity with six propagating modes (WV = 6) at EF; = 135 meV, measured from the 
T, minimum. (B and C) Supercell configuration for the 1.5-nm-wide wire (B), as well as a single atomic 
chain of dopants (C) used to calculate the charge-potential profiles and band structures. (D) Radial 
charge distribution of a single atomic chain, representing the fundamental scaling limit for dopant 
wires in silicon. While maintaining NV = 6, the electronic diameter d., = 1.4 nm represents the fun- 
damental scaling limit for dopant wires in silicon. (E) The number of modes W at the Fermi energy as a 
function of wire width w used to calculate wire resistances Rcaic- 


One of the advantages of atomistic tight- 
binding modeling is that we can determine the 
number of propagating metallic modes at the 
Fermi energy for different wire widths and from 
this estimate the resistance of the narrowest con- 
ducting STM-patterned doped wires in silicon. 
Figure 3A shows the self-consistent band struc- 
ture calculation for the narrowest STM-patterned 
wire W5 (1.5 nm) based on the supercell con- 
figuration shown in Fig. 3B. We observed strong 
band bending, so that the minimum of the low- 
est occupied band (T;) lies 243 meV below the 
conduction band edge of bulk silicon (E = 0). 
The Fermi energy Fy, indicated by the blue dotted 
lines, is situated well above the [, minimum 
(135 meV), making the wire a band-metal at T= 
4.2 K. For this heavily doped silicon system, we 
observed occupation of the lowest sub-band in 
all six valleys of the Si conduction band, whose 
degeneracy is lifted by the strong vertical and 
lateral quantum confinement of the wires, giv- 
ing N = 6 propagating modes at Ey (6, 2/). 

We determined the number of modes in these 
doped silicon wires as we dropped the lithographic 
width down to an ideal single chain of individ- 
ual dopants, represented by the supercell config- 
uration in Fig. 3C. Below w ~ 2 nm, we observed 
a saturation of the number of propagating modes 
at Ey (N = 6), again reflecting the six conduc- 
tion band valleys in silicon (Fig. 3E). The knowl- 
edge of Mw), along with estimates of the electron 
mean free path in Si:P 5-doped systems (/ = 8 + 
1 nm) (28), allowed us to calculate the resistance 
Rete = (h/2e?N)(1 + L/1) in the diffusive regime 
of a multimode quasi-1D metal, where (Z >> /) 
(29). We obtained good agreement with resist- 


ances obtained experimentally for all wires, as 
shown in Table 1. Small deviations could be ex- 
plained by sample-to-sample fluctuations of the 
conductance (30), expected in the diffusive re- 
gime and the potential onset of electron localiza- 
tion at low temperature (29) not captured in this 
model. We also determined the absolute physical 
limit to which doped silicon wires could be scaled 
and found the radial charge distribution of a sin- 
gle dopant chain to be ~1.4 nm (Fig. 3D). This 
number therefore defines the fundamental atomic 
scaling limit (vertical line in Fig. 2C) of doped 
silicon wires. 

These STM-patterned wires achieve charge 
confinement in the absence of any surface or 
material interface. The combination of extremely 
high doping density and atomically abrupt dopant 
positioning in a crystalline environment provides 
an unprecedented scalability to atomic-scale di- 
mensions, yet retains a diameter-independent, 
bulk-like resistivity. The resulting persistence of 
Ohm’s law at the atomic limit paves the way for 
ultrascaled classical as well as quantum electronic 
components, such as source-drain leads, intercon- 
nects, and local electrostatic gates necessary to elec- 
trically address individual dopants in solotronic and 
donor-based quantum computing architectures. 
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Candle Soot as a Template for a 


Transparent Robust 


Superamphiphobic Coating 


Xu Deng,”? Lena Mammen,” Hans-Jiirgen Butt,’ Doris Vollmer?* 


Coating is an essential step in adjusting the surface properties of materials. Superhydrophobic 
coatings with contact angles greater than 150° and roll-off angles below 10° for water have 
been developed, based on low-energy surfaces and roughness on the nano- and micrometer scales. 
However, these surfaces are still wetted by organic liquids such as surfactant-based solutions, 
alcohols, or alkanes. Coatings that are simultaneously superhydrophobic and superoleophobic 
are rare. We designed an easily fabricated, transparent, and oil-rebounding superamphiphobic 
coating. A porous deposit of candle soot was coated with a 25-nanometer-thick silica shell. 

The black coating became transparent after calcination at 600°C. After silanization, the 

coating was superamphiphobic and remained so even after its top layer was damaged 


by sand impingement. 


major goal in coating research is to de- 

sign self-cleaning surfaces (J—-4). Many 

surfaces in nature are superhydrophobic; 
for example, lotus leaves (5). Mimicking their 
surface morphology led to the development of 
a number of artificial superhydrophobic surfaces 
(6, 7), opening many applications in industrial 
and biological processes (8/3). Microscopic 
pockets of air are trapped beneath the water 
drops (/4—17). This composite interface leads 
to an increase in the macroscopic contact angle 
and a reduced contact angle hysteresis, enabling 
water drops to roll off easily, taking dirt with 
them. However, the addition of an organic liquid 
such as alcohol or oil decreases the interfacial ten- 
sion sufficiently to induce homogeneous wetting 
of the surface. Drops, initially resting on air pock- 
ets (in a Cassie state), pass the transition to com- 
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plete wetting (a Wenzel state) (/4). No naturally 
occurring surface is known to show a contact 
angle @ greater than 150° and roll-off angles be- 
low 10° for water and organic liquids. These super- 
hydrophobic and superoleophobic surfaces are 
called superamphiphobic (/8). 

In contrast to superhydrophobicity, the term 
“superamphiphobicity” is not uniquely defined, 
in particular with respect to the liquid used 
(19-22). According to Young’s equation, cosO = 
(Ysv — YsL)/Yty, the lower the surface tension, 
the higher the tendency of a liquid to spread on 
a solid surface (22, 23). Here, © is the mac- 
roscopic contact angle, ysy is the surface tension 
of the solid, and ys, is the interfacial tension 
of the solid/liquid interface. For organic liquids 
(30 < yryv < 18 mN/m), mainly van der Waals in- 
teractions act between the molecules. Therefore, 
Ysv — Ys is positive, and on planar surfaces © < 
90°. Similarly, the contact angle on rough sur- 
faces depends on the surface tensions, because 
roughness amplifies the wetting properties. 

The key factors for superamphiphobicity are 
not clear yet. For water repellency, surface rough- 


ness and low surface energy are essential (/4). 
To fabricate superamphiphobic surface over- 
hangs, reentrant geometry or convex curvature 
is also important (/9-25). The complex inter- 
play between surface roughness, low surface 
energy, and topography has made it difficult and 
expensive to fabricate superamphiphobic sur- 
faces. Tuteja et al. showed that careful design of 
the topography of a surface allows the con- 
struction of surfaces with a contact angle for 
hexadecane close to 160°, although the flat sur- 
face was oleophilic (/9, 23). They explained their 
exceptional oil-repellency by overhang structures 
and reentrant geometry. 

Here, we describe a simple way to make ro- 
bust, transparent, superamphiphobic coatings. 
The surface to be coated, in our case a glass slide, 
is held above the flame of a paraffin candle 
(Fig. 1A). Deposition of a soot layer turns the 
glass black. Scanning electron microscopy re- 
veals that the soot consists of carbon particles 
with a typical diameter of 30 to 40 nm, forming 
a loose, fractal-like network (Fig. 1, B and C) 
(26). A water drop gently deposited on the sur- 
face shows a contact angle above 160° and rolls 
off easily, demonstrating the surface’s super- 
hydrophobicity (27). However, the structure is 
fragile because the particle-particle interactions 
are only physical and are weak. When water 
rolls off the surface, the drop carries soot par- 
ticles with it until almost all of the soot deposit 
is removed and the drop undergoes a wetting 
transition (movie S1). 

Inspired by the promising morphology of 
soot, we developed a technique to coat the soot 
layer with a silica shell, making use of chemical 
vapor deposition (CVD) of tetraethoxysilane 
(TES) catalyzed by ammonia. The soot-coated 
substrates were placed in a desiccator together 
with two open glass vessels containing TES and 
ammonia, respectively (fig. S1). Similar to a Stéber 
reaction, silica is formed by hydrolysis and con- 
densation of TES. The shell thickness can be 
tuned by the duration of CVD. After 24 hours, 
the particles were coated by a 20 + 5—nm-thick 
silica shell (Fig. 1, D and E). Calcinating the 
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hybrid carbon/silica network at 600°C for 2 hours 
in air caused combustion of the carbon core (Fig. 
1F) and a decrease in the shell thickness, but the 
layer kept its roughness and network texture. 
Only isolated chains of particles, which were 
not linked in the network, broke during calcina- 
tion (Fig. 1B). To reduce the surface energy, the 
hydrophilic silica shells were coated with a semi- 
fluorinated silane by CVD. Therefore, the sub- 
strates and an open beaker with the volatile silane 
were put in a desiccator for 3 hours. After CVD, 
a water drop placed on top of the coating formed 
a static contact angle of 165° + 1° (Fig. 2A), with 
a roll-off angle lower than 1°. Owing to the ex- 
tremely low adhesion of the coating to water, it 
was difficult to deposit water drops, because they 
immediately rolled off (movie S2). When drops 
of organic liquid were deposited, the static con- 
tact angles ranged from 154° for tetradecane 
up to 162° for diiodomethane (Fig. 2B, Table 1, 
and fig. S3). The maximal roll-off angle was 5°, 
even for tetradecane with a surface tension of 
26 mN/m. 

Hexadecane drops with a radius of 1 mm, 
impinging with a velocity up to v = 1 m/s, did 
not penetrate into the layer. The drop’s kinetic 
energy was transformed into vibrational energy, 
allowing the drop to rebound twice before it 
underwent damped oscillations and finally rested 
on the surface in the Cassie state (Fig. 2D, figs. 
S4 and S5, and table S1) (28-30). The coating 
retained its superamphiphobicity even after the 
impingement of at least thousands of water drops 
with a radius of 1.3 mm and a velocity of 1.4 m/s 
(fig. S6) or flushing of the coating with water 
for several hours. 

At velocities between 1 and 1.5 m/s, the drop 
started to penetrate into the coating. As a result, 
a satellite drop was left on the surface after re- 
bound. Typically at the second impact, the sat- 
ellite drop merged with the primary drop and 
rolled off (fig. S5). Self-cleaning properties for 
water and alkane were verified by depositing 
drops of either liquid on a superamphiphobic 
layer and monitoring the taking up of contami- 
nants (fig. S7). 

For applications on glass surfaces such as 
goggles, touch screens, or difficult-to-access win- 
dows, the superamphiphobic coating needs to be 
thermally stable, transparent, and mechanically 
robust. To quantify the thermal stability, the coat- 
ings were annealed at temperatures up to 450°C 
for 1 hour. The static contact and roll-off angles 
remained constant up to 400°C (Fig. 3A). An- 
nealing at even higher temperatures decomposed 
the fluorosilane. The silica network remained 
almost unaltered until annealed at temperatures 
up to 1000°C (fig. S8). Annealed coatings can re- 
cover their superamphiphobicity after repeating 
CVD of a fluorosilane. After calcination of the 
black carbon template, the silica network has a 
shell thickness well below the wavelength of 
light. Such thin shells are highly transparent, as 
verified by ultraviolet-visible transmittance spec- 
tra (Fig. 3B). The transmittance of a 3-um-thick 


Fig. 1. Morphology of 
porous structure. (A) Pho- 
tograph depicting sample 
preparation. A glass slide 
is held in the flame of a 
candle until a soot layer a 
few micrometers thick is 
deposited. (B) Scanning elec- 
tron microscope (SEM) im- 
age of the soot deposit. 
(C) High-resolution SEM 
image showing a single 
particle chain made up of 
almost spherical carbon 
beads 40 + 10 nm in di- 
ameter. (D) SEM image of 
the deposit after being 
coated with a silica shell 
(see fig. $2 for a cross sec- 
tion of the deposit). (E) 
High-resolution SEM im- 
age of a cluster after the 
carbon core was removed 
by heating for 2 hours at 
600°C. (F) High-resolution 
TEM image of a cluster 
after calcination, revealing 
the silica coating with 
holes that were previously 
filled with carbon parti- 
cles. The silica shell is 
20 + 5 nm thick. 
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Fig. 2. Superamphiphobicity of the surface. A 2-ul water drop (A) and 5-1l hexadecane drop (B) deposited 
on the surface possess a static contact angle of 165° + 1° and 156° + 1°, respectively. (C) Cartoon of a 
liquid drop deposited on the fractal-like composite interface. (D) Time-resolved images of the bouncing 
of a 5-ul hexadecane drop on a superamphiphobic surface. Just before impinging, the drop’s kinetic 


energy exceeds its interfacial energy by 2.4 (that is, the Weber number is 2.4) (28). 


Table 1. Comparison of the static contact angle (SCA) and roll-off angle of drops with different 
surface tension, deposited on a flat fluorinated glass substrate and on a superamphiphobic coating. 


a Surface tension Flat surface Superamphiphobic 5 
baud (mN/m) SCA° surface SCA° nol olf angle 
Water 72.1 108 +1 165+1 121 
Diiodomethane 50.9 91+1 161+1 241 
Ethylene glycol 47.3 89 +1 160 +1 2+1 
Peanut oil 34.5 70+1 158+1 4+1 
Olive oil 32.0 69 +1 157+1 4+ 
Hexadecane 27.5 64+1 156+1 541 
Tetradecane 26.5 5441 154+1 541 
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Fig. 3. Thermal stability and light transmittance of a 
7000 Superamphiphobic surface. (A) Static contact and roll- 

off angles of hexadecane measured after the samples 

were annealed for 1 hour at various temperatures. 
The surface loses its superamphiphobicity after annealing at temperatures above 400°C because of thermal degradation of the fluorosilane (shadow area). (B) 
Ultraviolet-visible transmittance spectra of a 3-m-thick superamphiphobic surface compared to pristine glass. (C) Photograph of a drop of dyed water (yy, = 
72.1 mN/m, blue); peanut oil (yy = 34.5 mN/m, white); olive oil (yy, = 32.0 mN/m, yellow); and dyed hexadecane (y,, = 27.5 mN/m, red) deposited on a 
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superamphiphobic glass slide. The coated slide was placed on labeled paper. 
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Fig. 4. Mechanical resistance quantified by sand abrasion. (A) Schematic 
drawing of a sand abrasion experiment. (B) Hexadecane drop depos- 
ited on the coating after 20 g of sand abrasion from 40 cm height. The 
100- to 300-um-sized grains had a velocity of 11 km/hour just before 


coating is reduced by less than 10% as compared 
to that of pristine glass for wavelengths above 
500 nm. This transparency is reflected in the easy 
readability of letters underneath the coated glass 
plate, and its superamphiphobicity is shown by 
the high contact angle for a wide variety of liquid 
drops (Fig. 3C). 

In outdoor applications, superamphiphobic 
surfaces need to survive harsh conditions. To in- 
vestigate the mechanical resistance of our coat- 
ing, water-drop impact and sand abrasion tests 
were performed. Sand grains 100 to 300 um in 
diameter impinged the surface from a height of 
10 to ~40 cm, corresponding to an impinging 
energy of | x 10 * to 90 x 10 ° J per grain (Fig. 
4A). The silica shells were not sufficiently robust 
to completely resist sand impact. A cave formed 
underneath the impacted area (Fig. 4C). Howev- 
er, zooming into the cave revealed an almost 
unaltered submicrometer morphology (Fig. 4D). 
Owing to the coating’s self-similarity, the sur- 
face kept its superamphiphobicity until the layer 
was removed after extended impact. The me- 
chanical durability depended on the amount of 
sand impinging per unit of time and area, the 
size of the grains, the height of fall, and the thick- 
ness of the silica shell. The mechanical stability 


CA = 154° 


the cavity. 


increased with the thickness of the silica shell, 
but at the expense of the coating’s transparen- 
cy. The surface retained its superamphiphobic- 
ity for 5 min of sand abrasion from a height of 
25 cm (2 m/s) (movie $3). Although the coating 
can be eroded by wear and abrasion, it keeps its 
superamphiphobicity as long as its thickness 
remains above 2 um (fig. S11). 

The coating consists of a fractal-like assem- 
bly of nanospheres. With increasing duration of 
CVD of TES or annealing above 1100°C, the 
necks between particles fill with silica and more 
rod-like shapes evolve, which reduces the su- 
peramphiphobicity (figs. S8 and S10). This can 
be understood from Nosonovsky’s prediction that 
convex small-scale roughness can provide a suf- 
ficient energy barrier against wetting (22, 3/), 
thus rendering superamphiphobicity possible. A 
spherical shape should provide a higher-energy 
barrier against wetting than a rod-like shape (figs. 
S8 and S10). 

Our easy-to-fabricate oil- and water-repellent 
coating is made from soot encased in a silica 
shell. The coating is sufficiently oil-repellent to 
cause the rebound of impacting drops of hexa- 
decane. Even low-surface-tension drops of tetra- 
decane roll off easily when the surface is tilted 


impingement. After impingement, the drops rolled off after the substrate 
was tilted by 5°. (C) SEM image of a spherical crater (orange circle) 
after sand abrasion. (D) SEM image of the surface topography inside 


by 5°, taking impurities along with them. The sur- 
face keeps its superamphiphobicity after being 
annealed at 400°C. The coating is transparent 
and can be applied to a variety of heat-resistant 
surfaces, such as aluminum, copper, or stainless 
steel. 
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Capturing Ultrasmall EMT Zeolite 
from Template-Free Systems 


Eng-Poh Ng,” Daniel Chateigner,? Thomas Bein,’ Valentin Valtchev,? Svetlana Mintova’* 


Small differences between the lattice energies of different zeolites suggest that kinetic factors are 
of major importance in controlling zeolite nucleation. Thus, it is critical to control the nucleation 
kinetics in order to obtain a desired microporous material. Here, we demonstrate how careful 
investigation of the very early stages of zeolite crystallization in colloidal systems can provide access 
to important nanoscale zeolite phases while avoiding the use of expensive organic templates. We 
report the effective synthesis of ultrasmall (6- to 15-nanometer) crystals of the large-pore zeolite EMT 
from template-free colloidal precursors at low temperature (30°C) and very high yield. 


eolites are metastable crystalline alumi- 
/ nosilicate molecular sieves with uniform 
pores of molecular dimensions that are 
widely applied in catalysis, separations, and ad- 
sorption (/—4). The EMT-type zeolite has one of 
the lowest framework densities for a microporous 
material (5) and is a hexagonal polytype of the 
cubic FAU-type zeolite that plays a very impor- 
tant role in catalysis, for example, in fluid catalytic 
cracking (FCC) of hydrocarbons (6). Similar to 
the FAU-type material, the EMT framework topol- 
ogy has a three-dimensional large (12-membered 
ring) pore system. The cubic FAU polymorph 
features only one type of supercage (with a vol- 
ume of 1.15 nm’), but a different stacking of 
faujasite sheets creates two cages in the EMT 
zeolite: a hypocage (0.61 nm*) and a hypercage 
(1.24 nm*) (7). The EMT material shows in- 
teresting catalytic properties different from FAU 
as an FCC catalyst, but the very high price of the 
product so far precludes practical uses (8, 9). 

In addition, several EMT-FAU intergrown 
phases (CSZ-1, ECR-30, ZSM-20, ZSM-3) have 
also been reported (9—/4). The synthesis of pure 
EMT-type zeolite is possible by templating with 
the expensive 18-crown-6 ether and using tightly 
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controlled synthesis parameters (7). Many studies 
have been carried out to reduce the consumption 
of the crown ether template, for instance, by re- 
cycling after the synthesis (/5) or using the so- 
called “SINTEF” tumbling approach (/6, 17), 
steam-assisted crystallization (18), surfactants 
(19), or other organic and inorganic auxiliary 
additives (20-22). Although the cost of produc- 
ing EMT has been reduced, all attempts toward a 
synthesis of EMT-type zeolite without an organic 
structure-directing agent (OSDA) have been un- 


successful thus far. Moreover, the 18-crown-6 
ether template stimulates the crystallization of 
micrometer-sized EMT crystals, and no attempts 
for the preparation of nanosized crystals have 
been reported. 

Certain nanosized molecular sieves have been 
obtained at moderate (60° to 130°C) and low tem- 
peratures (25° to 50°C) (23-26). Low-temperature 
synthesis techniques for discrete zeolite nano- 
crystals from organic-free precursor systems are 
highly desired, as they would reduce cost and haz- 
ardous wastes, save energy, and possibly alter the 
properties of the materials (26, 27). Here, we 
describe a template-free NayO—-Al,O;-Si0,-H,0 
precursor system as a foundation for the prepara- 
tion of a nanosized EMT molecular sieve, where 
the ratios between different compounds, nuclea- 
tion temperature and times, and type of heating 
have been adjusted to avoid phase transformations 
(e.g., to FAU and SOD) and to stabilize the EMT- 
type crystals at a small particle size. We report the 
synthesis of ultrasmall hexagonal EMT nanocrys- 
tals (diameter of 6 to 15 nm) at the low tempera- 
ture of 30°C without using any organic template; 
that is, from Na-rich precursor suspensions. Strik- 
ingly, this synthesis strategy requires no organic 


Fig. 1. Ultrasmall EMT 
crystals with hexagonal 
morphology synthesized 
from template-free precur- 
sor suspension at 30°C 
for 36 hours. The indi- 
vidual crystals are sche- 
matically presented with 
a size of 10 to 15 nm and 
a thickness of 2 to 3 nm. 
Scale bars, 10 nm. 
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Fig. 2. XRD patterns representing the evolution of 
ultrasmall EMT crystals from template-free precur- 
sor suspensions at 30°C under conventional heat- 
ing for (A) 8 hours, (B) 14 hours, (C) 24 hours, and 
(D) 36 hours. Vertical ticks correspond to line in- 
dexing of the EMT phase. The difference diagram 
between calculated and experimental points is 
shown at the bottom of each XRD pattern. (Insets) ol a 
Crystallite sizes and shapes calculated based on (Sia. tetera acerca ind 
the XRD data. The whole pattern was fitted using 20 40 60 80 20 40 60 80 
the combined analysis formalism (30) implemented ; 

in the MAUD program (31), based on the Rietveld 
analysis approach. Fourier analysis was applied to 
deconvolute the instrumental- and sample-broadening 
parts from the measured XRD lines. The instrumen- 
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sizes and shapes (32), and an arbitrary texture correc- 20 40 60 80 20 40 60 80 
tion model (31) was used to account for the moderate 20 (degree) 20 (degree) 


preferred orientations introduced in the EMT powder in 
a flat sample holder. a.u., arbitrary units. 


ears > ae ge template. Moreover, the absence of an organic tem- 
. plate implies that no high-temperature calcination 
: step is required for opening up the pore system 

i eras 2 for the intended applications. 
Te #7) j eS Typically, a high concentration of OSDA is 
ip EL ap needed to prepare nanosized zeolites to achieve a 
' ee high degree of supersaturation by which the crys- 
tal size can be controlled and the resulting nano- 
GENS particles can be stabilized. We synthesized the 
— : ultrasmall (6- to 15-nm) and nanosized (50- to 
4 70-nm) EMT crystals at near ambient conditions 
mae ‘ ’ within a very short time; that is, 36 hours under 
conventional heating and 4 min under microwave 
irradiation, respectively (see supporting online ma- 
terial, fig. S1). We used these “soft” conditions to 
avoid the formation of the more stable and denser 
phase hydroxysodalite (SOD) and the formation 
of a FAU-type phase observed in precursor sus- 
pensions with slight changes of the oxide ratios 

and water content (fig. S2). 

; The ultrasmall EMT crystals prepared at 30°C 
fi Exits ‘fee Bees rents f for 36 hours under conventional heating are 
oi OLE ’ shown in Fig. 1. Nearly 63% of the amorphous 
=o - : << aluminosilicates were transformed into ultrasmall 
ST Ss / hexagonal EMT zeolite (Si/Al = 1.14). The par- 
ticles were single crystals with a size of ~6 to 
15 nm, and they contained channels in a highly 
ordered hexagonal arrangement. The x-ray dif- 
fraction (XRD) pattern of this sample (fully crys- 
talline EMT-type zeolite) exhibited broadened 
Bragg peaks, which suggests the presence of very 
small crystallite sizes (Fig. 2D). The pattern was 
fee indexed using the hexagonal EMT structure in 
“ae the P63/mme¢ space group, with a reliability factor 
we as low as weighted R, = 1.5%, Bragg Rp = 
f *? 1.12%, and experimental R..,, = 0.62%, which 
KS a gave rise to a goodness-of-fit of 6. In addition, 
zeolites X and Y (FAU-type structures) were con- 
Fig. 3. TEM images of (A) amorphous-shaped particles in the template-free precursor suspension after 8 sidered in the modeling; however, they did not fit 
to 14 hours, (B) birth of ultrasmall EMT nuclei after 24 hours, and (C) fully crystalline ultrasmall EMT after _the first three peaks characteristic of the EMT 
36 hours of conventional heating at 30°C. Scale bars, 10 nm. zeolite, nor the anisotropic line broadening (fig. S3). 
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The refined cell parameters, a = 1.7616(1) nm 
and c = 2.838(2) nm, correspond very well to the 
EMT-type structure (5). Moreover, the refined 
shape of the particles was a hexagonal crystal 
with mean sizes of 10 nm along the [100] direc- 
tion, 15 nm along [110], and 2.0 nm along [001]. 
The refined shape of the crystallites matched the 
size and shape of the EMT crystals measured 
with high-resolution transmission electron mi- 
croscopy (HRTEM) (Figs. 1 and 2D). Moreover, 
the fitting of this XRD pattern (sample synthe- 
sized at 30°C for 36 hours) with isotropic and 
platelike EMT crystals did not provide better 
fitting results (fig. S3 and table S1). 

We investigated the entire process of nucle- 
ation and growth of the ultrasmall EMT crystals 
in the system subjected to conventional heating 
for a total period of 36 hours. HRTEM images of 
the solid particles extracted at different crystalli- 
zation times revealed the presence of amorphous 
gel after 8 to 14 hours and fully crystalline EMT 
particles after 36 hours of heating at 30°C (Fig. 3). 
We did not observe any difference between the 
TEM pictures of samples heated for 8 and 14 
hours. Amorphous objects of about equal size 
with a diameter of 2 to 10 nm were seen in these 
samples (Fig. 3A); some of these particles had a 
size and morphology similar to the final EMT 
crystallites. The XRD pattern of the sample 
heated only for 8 hours did not exhibit any Bragg 
peaks, confirming the amorphous nature (Fig. 
2A), whereas analysis of the diffraction pattern 
for the sample heated for 14 hours (Fig. 2B) re- 
sulted in nonsatisfactory fitting based on the use 
of one phase only (either amorphous or crystal- 
line). Thus, we used a mixture of amorphous and 


Fig. 4. TEM images of 
ultrasmall EMT crystals 
at different magnifica- 
tions with scale bars of 
(A) 10 nm and (B) 500 nm, 
as well as nanosized EMT 
single crystals with scale 
bars of (C) 20 nm and 
(D) 500 nm. (E) Magni- 
fied TEM image and cor- 
responding schematic 
diagram of the framework 
structure (ABABA stack- 
ing of faujasite sheets 
highlighted in purple and 
blue). (F) SAED pattern 
of a nanosized EMT sin- 
gle crystal, projected along 
[100]. 


nanocrystalline EMT-type zeolite for the fitting. 
On the basis of this refinement (Fig. 2B), the 
relative amount of the crystalline phase calculated 
is ~30%. More developed anisotropy of both 
unit-cell (c/a = 1.44) and mean crystallite shape 
(2.1 x 2.3 x 1.0 nm’) was calculated for this 
sample based on the XRD. Although the XRD 
pattern corresponds to an entirely amorphous sam- 
ple, based on the Rietveld refinement, we con- 
cluded that the particles had anisotropic shapes 
with mostly developed hexagonal platelike mor- 
phology (fig. S4 and table S2) (28). Moreover, 
the refined crystallite volume was comparable to 
the unit-cell volume, which is a signature of the 
starting of EMT growth (fig. S5). After 24 hours 
of heating, ultrasmall crystallites of zeolite EMT 
appeared in the amorphous matrix (Fig. 3B). The 
XRD pattern of this sample contains amorphous 
matter and low intense Bragg peaks (Fig. 2C). 
The size of the crystalline domains calculated 
based on XRD is 5.5 x 2.0 x 5.1 nm? (table $3). 
Moreover, the crystalline particles existing in 
the aluminosilicate system after 14 and 24 hours 
heating at 30°C already exhibited the hexagonal 
shape (insets in Fig. 2, B and C). 

As the crystallization proceeded, the intensity 
of the Bragg peaks increased, but they were still 
broad because of the small crystalline domains. 
After 36 hours of heating, the amorphous par- 
ticles were turned entirely into crystalline matter, 
as demonstrated with HRTEM and XRD (Figs. 
2D and 3C). In the fully crystalline sample, we 
detected well-formed hexagonal particles with crys- 
talline fringes. A closer look at these nanocrystals 
(Fig. 1) revealed that the apparent size and the 
hexagonal arrangement of the micropores corre- 


spond to the EMT-type zeolite. Further evidence 
for the high crystallinity of the samples was pro- 
vided by N> sorption and spectroscopic data (infra- 
red and nuclear magnetic resonance spectroscopy) 
(figs. S6 to S9 and table S4). The nitrogen sorp- 
tion measurement of the fully crystalline sample 
(36 hours) revealed a type I sorption isotherm; 
micropores of 7.3 A were observed in addition to 
textural mesoporosity (pores of 2 to 50 nm) attri- 
buted to the random packing of the ultrasmall 
nanocrystals. The Brunauer-Emmett-Teller sur- 
face area for the ultrasmall and nanosized EMT 
materials was 578 and 562 m’/g, and the pore 
volume was 0.78 and 0.84 cm*/g, respectively 
(table S4). 

We compared the ultrasmall EMT crystals 
synthesized under conventional heating (Fig. 4, 
A and B) with nanosized EMT crystals synthe- 
sized under microwave heating (Fig. 4, C and D) 
at 30°C. The HRTEM images of the sample pre- 
pared with microwave treatment revealed the 
presence of small EMT crystals with the char- 
acteristic hexagonal platelike morphology (Fig. 
4C). The crystalline solids showed a uniform par- 
ticle size of 50 to 70 nm (Fig. 4D and figs. S1 and 
$10). The selected-area electron diffraction (SAED) 
pattern of the nanosized EMT exhibits sixfold 
symmetry, which is indicative of the EMT struc- 
tural features (Fig. 4F and table S5). The distance 
between two fringes based on the TEM measure- 
ment is 1.3 nm. The ABABAB stacking of the 
faujasite sheets is observed in the EMT nano- 
crystals; this stacking gives the hexagonal crystal 
shape and EMT topology (Fig. 4E). Unlike high 
silica micrometer-sized EMT zeolite, the nanosized 
EMT grow favorably in the a direction, rather 
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than in the c direction, thus resulting in the thin 
hexagonal-plate form due to the limited crystal 
growth via the layer-by-layer mechanism along 
the c direction (29). 

The homogeneity of the two samples, ultra- 
small (6- to 15-nm) and nanosized (50- to -70 nm) 
EMT crystals, is illustrated at two different mag- 
nifications in Fig. 4, A to D. The hexagonal mor- 
phology of both samples is evident. Moreover, 
their colloidal stability was examined by mea- 
suring the zeta potential values, which are equal 
to —45 mV. This negative charge leads to electro- 
static stabilization of the hexagonal nanoparticles. 

Why has EMT never been observed in 
organic-free synthesis solutions? The reason may 
be surprisingly simple. When the same synthesis 
solutions as described above were heated at the 
same temperature for extended times or at higher 
temperatures, the nanoscale EMT materials con- 
verted into the well-known FAU and SOD struc- 
tures (fig. S2). We propose that under appropriate 
conditions the EMT is the first kinetic, metastable 
product in this synthesis field, followed by con- 
version into the more stable cubic FAU and more 
dense SOD structures. This hypothesis is strong- 
ly supported by several reports on EMT/FAU in- 
tergrowths (9—/4). Indeed, we suggest that it may 
be possible to capture other important zeolite 
phases that occur as intergrowths by exploiting 
the very early stages of synthesis and thus avoid- 
ing the use of organic reagents that are commonly 
needed to stabilize the desired phases. 

From an environmental perspective, the syn- 
thesis of EMT zeolite presented here is extremely 
attractive, as the nanocrystals can be easily syn- 
thesized at very high yield at near ambient tem- 
perature without using any organic templates, 
suggesting that scale-up of an energy-efficient 


synthesis would be easily feasible. These nano- 
scale EMT materials offer exciting opportunities 
for both fundamental study and potential indus- 
trial applications. The possible green mass pro- 
duction of EMT-type zeolite provides excellent 
opportunities for applications in catalysis, ad- 
sorption, and separations involving larger mole- 
cules and for designing thin films, membranes, or 
nanoscale devices. 
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An Exhumation History of Continents 
over Billion-Year Time Scales 


Terrence J. Blackburn,?* Samuel A. Bowring,” J. Taylor Perron,? Kevin H. Mahan, 


Francis O. Dudas, Katherine R. Barnhart? 


The continental lithosphere contains the oldest and most stable structures on Earth, where fragments 
of ancient material have eluded destruction by tectonic and surface processes operating over billions of 
years. Although present-day erosion of these remnants is slow, a record of how they have uplifted, eroded, 
and cooled over Earth’s history can provide insight into the physical properties of the continents and 
the forces operating to exhume them over geologic time. We constructed a continuous record of ancient 
lithosphere cooling with the use of uranium-lead (U-Pb) thermochronology on volcanically exhumed 
lower crustal fragments. Combining these measurements with thermal and Pb-diffusion models constrains 
the range of possible erosion histories. Measured U-Pb data are consistent with extremely low erosion 
rates persisting over time scales approaching the age of the continents themselves. 


he preservation of fragments of stable 
Archean continental lithosphere, or “cra- 
tons,” over geologic time is intimately 
linked with the presence of a low-density mantle 
root that supports and protects the overlying 
crust (/). The long-term stability of these roots 
has been attributed to an apparent “isopycnic” 


balance between the negative thermal buoyancy 
from contraction during cooling and the pos- 
itive chemical buoyancy from the depletion of 
the root’s denser basaltic component during cra- 
ton formation (/, 2). Despite this stability, cra- 
tons must survive exposure to surface processes 
working to erode on durations lasting billions 


of years, a process that results in continued rock 
exhumation toward Earth’s surface. Although 
present-day erosion within these stable regions 
is low, the assembly of continental masses through 
mountain-building processes (3) requires that 
these terranes experienced periods of rapid ero- 
sion after the construction of topographically 
high mountain belts. An erosional history record- 
ing the duration of this early rapid erosional phase 
and the timing and rate of transition to the slow 
erosion observed today will allow us to under- 
stand more about the composition and density of 
the lithosphere, its relationship with the underly- 
ing mantle, and the thermal, buoyant, and me- 
chanical forces operating to exhume or bury the 
continents over the geologic history of Earth. 
Because the exhumation or burial of Earth’s 
surface has a direct effect on the rate of heat 
loss within the lithosphere, a continuous record 
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of lithosphere exhumation can be reconstructed 
through the use of a temperature-sensitive radio- 
metric dating technique known as thermochronol- 
ogy. The combination of thermochronologic data 
with thermal models for heat transfer in the litho- 
sphere can be used to measure the processes operat- 
ing to cool or heat the lithosphere in the geologic 
past (4). Thermochronologic studies have typically 
used geochronologic systems sensitive to cooling at 
temperatures below 110°C. These techniques are 
most useful for the measurement of cooling at- 
tributable to deformation in the upper crust and 
erosion of topography (5). A thermochronologic 
system sensitive to cooling at higher temperatures 
and greater depths is insensitive to the “noise” as- 


sociated with near-surface cooling and therefore 
provides a measure of the background rate of ero- 
sion or burial associated with the vertical motions 
of a craton. The U-Pb thermochronologic system 
is sensitive to cooling at temperatures of ~400° to 
650°C, corresponding to lower crustal depths in 
cratonic regions of ~20 to 50 km (6). Here, we used 
this technique to reconstruct an ancient and long- 
lived thermal history of volcanically exhumed lower 
crustal fragments—samples that resided at depth for 
billions of years before recent volcanism transport- 
ed them to the surface as xenoliths. A high-fidelity 
reconstruction of time-temperature paths for these 
samples is produced using the U-Pb system’s dual 
decay scheme, where parent isotopes **8U and **°U 


decay at different rates to daughter isotopes 7°°Pb 
and ~°’Pb, respectively. Coupling this dual isotopic 
system with diffusion’s length scale dependen- 
cy, which causes different crystal sizes to retain 
Pb over different absolute time scales, results in 
a set of daughter isotopic compositions for a 
range of crystal sizes that is unique to the time- 
temperature history of the sample (7). The mea- 
sured and modeled U-Pb results presented here 
explore a range of crystal grain sizes to exploit 
these advantages (8). 

The thermal processes operating to cool or 
heat the deep lithosphere include conductive 
heat loss, heat input from the underlying man- 
tle, heat production from the decay of heat- 
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Fig. 1. (A and B) Thermal history for the lithosphere (A) used to produce time- 
temperature paths (B) for samples at middle to lower crustal depths. (C and D) Time- 
temperature paths are used to calculate modeled U-Pb thermochronologic data for 
each sample depth (colors) and over a range of grain sizes. The “concordia” curve in 
(O represents the daughter-to-parent ratios of 2°U-7°”Pb and 72°U-?"°Pb for a U-Pb 
system that remains closed throughout Earth history. The shallowest samples cool 


quickly through the Pb partial retention zone (PRZ), yielding old *2°U-7°Pb dates that 
plot on concordia (©) or yield A U-Pb values close to zero (D). The deepest samples 
reside at temperatures that are too hot for Pb retention in rutile, and thus yield 
younger dates. The middle to lower crust spends a long time in the Pb-PRZ, resulting 
in discordance (C) and a large apparent offset between the two U-Pb systems (D). 
The magnitude of A U-Pb values (D) is correlated with lithosphere exhumation rate. 
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producing elements (HPEs), and cooling or 
insulation due to surface erosion or burial, re- 
spectively. The combined effects of these pro- 


cesses on the U and Pb isotopic evolution of a 
set of rutile crystals can be described with a 
simple thermal model (8). The modeled litho- 
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Fig. 2. Plots of A U-Pb versus time for measured and modeled lower crustal xenolith data from a northwest- 
southeast transect through Montana: (A) Archean Medicine Hat Block and Wyoming Province, (B) Proterozoic 
Great Falls Tectonic Zone (GFTZ). Sample numbers and geobarometrically determined depths are indicated. Faster- 
cooling, shallow samples yield older dates with a trend of increasing A U-Pb in time; deeper samples decrease 
with time, consistent with the results predicted by the thermal model (Fig. 1D). Uncertainties on individual 
analyses are shown at the 2c level and are dominated by the uncertainty of the *°°U-”°’Pb date. Dashed, dotted, 
and solid lines mark the forward-modeled U-Pb results with exhumation rates of —2.5 to 2.5 m/My. A dashed-dot 
line in (A) marks the data produced by an erosional history that decreased in time. The inset in (B) shows a 
simplified geologic terrane map of Montana; stars mark the xenolith sample location within each geologic terrane. 
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sphere thermal history begins with a steep geo- 
thermal gradient consistent with formation or 
reheating during mountain-building events, 
followed by cooling due to heat loss at the litho- 
sphere surface (Fig. 1A). The time-temperature 
histories for crustal depths from the thermal mod- 
el (Fig. 1B) are then used as the input to a model 
of Pb production and diffusion (8). Modeled 
U-Pb thermochronologic data correlate directly 
with sample depth (Fig. 1C). Shallow samples 
cool quickly through the 400° to 600°C rutile 
thermal window, yielding U-Pb dates that are 
consistent with the model start time, whereas the 
deepest samples never cool below the Pb closure 
for rutile, accumulate no radiogenic Pb, and yield 
U-Pb dates of 0 million years ago (Ma) (Fig. 1C). 
The faster-cooling, shallow samples yield dates 
that plot on the “concordia” curve (which rep- 
resents the daughter-to-parent ratios of °U-?°’Pb 
and **°U-?°°Pb for a U-Pb system that remains 
closed throughout Earth history), indicating agree- 
ment between the *8U?°Pb and 7*°U-*°’Pb 
systems and closed-system behavior. Samples 
at intermediate depths accumulate different 
amounts of radiogenic Pb, depending on depth, 
forming a curvilinear “discordant” array off the 
concordia curve that indicates partially open sys- 
tem behavior. Mineral grains that spend a long 
time in the Pb partial retention zone (PRZ)—a 
temperature range in which the diffusion and 
production of radiogenic daughters are at or 
near a balance—result in the partial retention 
of Pb with a range of isotopic compositions 
°’Pb/*°°Pb). A whole-crystal analysis yields an 
integrated measure of the internal Pb-diffusion 
profile, resulting in the apparent difference be- 
tween the measured 7*°U-*°’Pb and *8U-?°°Pb 
dates (hereafter referred to as A U-Pb). Slower 
cooling, and thus longer durations in the PRZ, 
result in a Pb diffusion profile containing a wider 
range of *°’Pb/*°°Pb compositions, and thus a 
greater A U-Pb age difference (Fig. 1D) (7). 
Because the vertical advection of lower crustal 
rocks toward Earth’s surface increases the rate of 
cooling at depth, there is a strong correlation 
between the maximum A U-Pb value and net 
exhumation, where higher net exhumation rates 
yield lower A U-Pb values (Fig. 1D). The U-Pb 
system’s sensitivity to cooling rate—and, in this 
thermal setting, to exhumation rate—is the key 
factor that allows constraints to be placed on the 
long-term evolution of continental surfaces. 
Along the southwestern edge of the North 
American Craton within Montana, the Archean 
Medicine Hat Block and Wyoming Province 
collided at ~1800 Ma to form the Great Falls 
Tectonic Zone (GFTZ), a Proterozoic suture be- 
tween the two terranes (9) (Fig. 2B, inset). Low- 
er crustal xenoliths used in this study were 
collected from four ~50 Ma volcanic epicenters 
within each terrane. The volcanic entrainment of 
samples at 50 Ma is so rapid that U/Pb loss due 
to volcanic reheating is negligible (7). Lower 
crustal U-Pb thermochronologic data yield the 
“humped” topology of A U-Pb data predicted by 


www.sciencemag.org SCIENCE VOL 335 6 JANUARY 2012 


75 


Downloaded from www.sciencemag.org on January 5, 2012 


REPORTS 


the thermal model (Fig. 1D), supporting the use 
of this model to infer lithosphere exhumation rate 
(Fig. 2). The onset of cooling in both regions is 
recorded by the higher-temperature titanite U-Pb 
thermochronometer. Within the Archean regions 
this occurs at ~2000 Ma, indicating the diffu- 
sive loss of an Archean cooling record during 
the younger reheating event (Fig. 2A). Within the 
Proterozoic GFTZ, the onset of cooling in the 
region does not occur until ~300 million years 
(My) after the formation of the inferred mountain 
belt—a delay in cooling that is consistent with 
rapid erosion rates between 1800 and 1500 Ma 
(Fig. 2B). The subsequent long-term cooling 
history in each terrane is recorded by the lower- 
temperature rutile thermochronometer, where 
analyses from xenoliths of different depths pro- 
vide a continuous and overlapping cooling record 
lasting more than ~1500 My (Fig. 2). Thermo- 
barometrically determined xenolith depths (7, /0) 
correlate with the timing of cooling, with the 
shallowest samples cooling first and deeper sam- 
ples cooling at progressively younger times (Fig. 2). 
Assuming an intermediate lithosphere thickness 
of 225 km (//—/3) and the recommended HPE 
concentrations from compiled data sets (/4, 15), 
forward-modeled rutile data for a range of ex- 
humation rates from —2.5 to 2.5 m/My (where a 
negative exhumation rate corresponds to burial) 
bracket the measured data (8) (Fig. 2). Secular 
variations in exhumation rate control the sym- 
metry of the curves of A U-Pb versus time. For 
example, decreasing the exhumation rate over 
time skews the peak to the left, yielding modeled 
data that are also consistent with the measured 
results, yet their average exhumation rates are 
bracketed by those that assume constant exhu- 
mation (Fig. 2A). 

Although the long-term exhumation rates 
reported here (-2.5 to 2.5 m/My) are in good 
agreement with shorter-duration observations of 
some of the slowest-eroding surfaces on Earth 
(16), they are far slower than what is observed 
for the majority of continental surfaces (50 to 
500 m/My) (/6). This disparity can be attributed to 
the difference in the time scales of observation and 
secular variations in exhumation. The exhuma- 
tion rates presented here are long-term integrated 
estimates and do not preclude the occurrence of 
brief periods of faster exhumation associated with 
tectonic (/6) or climatic forces (/7) operating over 
intervals much shorter than the observational time 
scale for this technique. Once a continental mass 
is laterally isolated from active plate boundaries 
and vertically supported by a thickened mantle 
root, the long-term uplift of a mountain belt is 
more likely dominated by the relative densities of 
the lithosphere and mantle (isostasy) (78) with a 
potentially transient and smaller contribution to 
uplift or burial imposed by density and thermal 
anomalies in the underlying convecting mantle 
(dynamic topography) (/9). 

The U-Pb system’s sensitivity to the magni- 
tude and time variability of exhumation rate can 
be used to set limits on the timing and duration of 


events that exhumed or buried the surfaces of 
continents in the deep geologic past. First, we can 
gauge the duration of rapid erosional unroofing 
after mountain building from the difference be- 
tween collision age and onset of cooling. With- 
in the GFTZ (Fig. 2B), the 300-My difference 
between the onset of cooling and the mountain- 
building event establishes a maximum interval 
over which isostatically driven uplift can persist 
at the rates observed in young and topograph- 
ically high mountain belts (50 to 100 m/My) (/8). 
Second, we can rule out erosional histories that 
include periods of exhumation or burial faster 
than a given rate or longer than a given time 
interval (with a trade-off between duration and 
rate). For example, we can dismiss histories for 
the GFTZ with exhumation or burial lasting 
longer than 50 My at rates that exceed +50 m/My. 
More subtle transient deformation mechanisms 
such as dynamic topography, with a characteristic 
amplitude less than 1 km over a distance of 1000 
km or more, will be undetected on the short time 
scales (tens to hundreds of millions of years) and 
modest exhumation/burial rates (10 to 100 m/My) 
at which this process operates (/9). Despite the 
possibility of brief erosional or burial events of 
moderate magnitude, the data presented here re- 
quire an overall cratonic history dominated by 
vertical motion rates near zero. This indicates that 
the isostatic balance observed in the present-day 
continents has been largely maintained over ge- 
ologic time, extending back at least to the onset 
of cooling within each terrane. Since this stability 
was first attained, the craton has experienced a 
balance between erosion and burial, with a cor- 
ollary balance between the lithosphere’s internal 
buoyancy forces (/, 2) and near-zero isostatic up- 
lift, further indicating a minimal change in the 
relative densities of the lithosphere and mantle 
over intervals lasting billions of years. 
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Multiyear Prediction of Monthly Mean 
Atlantic Meridional Overturning 
Circulation at 26.5°N 
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Wolfgang A. Miiller,? Jochem Marotzke** 


Attempts to predict changes in Atlantic Meridional Overturning Circulation (AMOC) have yielded 
little success to date. Here, we demonstrate predictability for monthly mean AMOC strength at 
26.5°N for up to 4 years in advance. This AMOC predictive skill arises predominantly from the 
basin-wide upper-mid-ocean geostrophic transport, which in turn can be predicted because we 
have skill in predicting the upper-ocean zonal density difference. Ensemble forecasts initialized 
between January 2008 and January 2011 indicate a stable AMOC at 26.5°N until at least 2014, 
despite a brief wind-induced weakening in 2010. Because AMOC influences many aspects of 
climate, our results establish AMOC as an important potential carrier of climate predictability. 


ariations in Atlantic Meridional Over- 
\ / turning Circulation (AMOC) can sub- 


stantially affect northward ocean heat 


transport and therefore European and North At- 
lantic climate (/—3). Through its influence on 
sea surface temperature (SST), AMOC is further- 
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more thought to influence climate phenomena 
such as Sahel droughts and North Atlantic hur- 
ricane activity (4-6). In the near term (interannual 
to decadal time scales), AMOC and other climate 
variations are influenced by the combination of 
anthropogenic forcing, natural forcing, and in- 
ternal variability; near-term climate predictions 
must hence be started (initialized) from the pres- 
ent ocean state reflecting the present phase of 
internal variability. Multiyear climate predictions 
have, however, so far been limited to predicting 
surface temperature variations (7—/0) and hur- 
ricane frequency (//); whether there is multtyear 
prediction skill for any element of the large-scale 
atmospheric or oceanic circulation has remained 
unclear. This paper demonstrates prediction skill 
for AMOC at 26.5°N for up to 4 years in advance. 

Owing to a dearth of long-term AMOC 
observations, AMOC predictability has hitherto 
been addressed exclusively in a “perfect model” 
framework. Results of a model simulation were 
used as a surrogate for observations, and the 
degree of similarity between the surrogate ob- 
servations and an initialized simulation was in- 
terpreted as an estimate of AMOC predictability. 
These studies have shown that AMOC strength is 
potentially predictable for up to a decade, with 
potential skill varying among different models 
(12-15). Here, we take advantage of the first 
half-decade-long observed estimate of AMOC at 
26.5°N [the RAPID-MOCHA (Meridional Over- 
turning Circulation and Heatflux Array) projects 
(16, 17)] to quantify the predictive skill of ini- 
tialized multiyear predictions performed with the 
ECHAMS/MPI-OM coupled climate model (/8). 
In further contrast to previous work, we focus on 
the monthly varying AMOC instead of multiyear 
averages; this focus is warranted both because of 
potential applications such as hurricane predic- 
tions (//) and because there is clear model evi- 
dence that European climate is influenced by 
year-to-year changes in AMOC (3). 

At multiyear to decadal time scales, the 
memory and, hence, the potential for predictabil- 
ity of the climate system are thought to reside in 
the ocean. The historical subsurface ocean data 
are limited in both space and time, and some have 
been recently shown to be systematically biased 
(19). Moreover, the current ocean reanalyses dis- 
play a broad spectrum of AMOC mean state and 
variability (20, 2/), although they use the same 
observational database. Therefore, we take an 
alternative route to ocean reanalysis and initialize 
the coupled model European Centre Hamburg 
Model 5 (ECHAMS5)-Max Planck Institute Ocean 
Model (MPI-OM) from an ensemble of MPI- 
OM ocean-only runs that are forced with the 
atmospheric state of the National Centers for 
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Environmental Prediction—National Center for 
Atmospheric Research reanalysis (22) for the 
period 1948 to 2010 (23). We thus ensure dy- 
namical consistency of the forecast model and 
the initialized ocean state; moreover, forced ex- 
periments with MPI-OM have already been used 
successfully to reconstruct the observed varia- 
bility of the Nordic Seas Overflows (24), a main 
contributor to North Atlantic Deep Water that 
feeds the lower limb of AMOC. 

The skill of any prediction system is assessed 
by using it retrospectively; forecasts are made 
employing observations only up to some point 
in the past, and the time period after that point 
is then used to evaluate the quality of this ret- 
rospective forecast (“hindcast’’). We have per- 
formed ensemble hindcasts starting in January 
of each year from 2004 to 2007 (23). AMOC 
strength in the hindcasts closely follows the 
observations for up to 4 years; the best resem- 
blance to the phase of the observed variability 
is simulated by the hindcast ensemble mean 
(Fig. 1). Visual inspection already shows that the 
hindcast quality is not the same for every start 
year, a notion now made quantitative. 

We measure the skill of the hindcasts pri- 
marily with the anomaly correlation coefficient 
(COR) between the observations and the indi- 
vidual hindcasts or their ensemble mean. We then 
compare COR against the benchmark skill of an 
ensemble of noninitialized model simulation 
(hereafter ens20C) and of the persistence, a com- 
monly used statistical forecast (23). We consider 
lead times of 1 to 4 years within each of the 
10-year hindcasts and find that, for many start 
dates, AMOC variations are predicted with sig- 
nificantly greater skill by the initialized hindcasts 
than by the persistence forecast for all lead times 
(Fig. 2). The ensemble-mean hindcasts initialized 
in each January of 2004 to 2006 have mostly 
high COR, ranging between 0.8 and 0.95 for 
year 1, 0.5 to 0.8 for year 2, around 0.3 to 0.8 
for year 3, and 0.45 to 0.55 for year 4. In contrast, 
the start date January 2007 gives only low COR 
skill around 0.3. The ens20C ensemble mean 
obtains low COR skill of 0.4. 

We diagnose skill improvement through 
initialization not only from higher COR but also 
from a tendency toward a more realistic ampli- 
tude of AMOC fluctuations (Fig. 1). We note 
that the hindcast ensemble mean underesti- 
mates the observed variability to a larger degree 
than do the individual hindcasts; conversely, the 
hindcast ensemble mean has considerably higher 
COR skill than individual hindcasts (fig. S1). 
Persistence forecasts, by contrast, do very well 
on AMOC amplitude but usually lose COR skill 
after 1 year (Fig. 2 and fig. S2). 

The hindcast time series (Fig. 1) clearly show 
that the dominant AMOC signal that is cap- 
tured better by the hindcasts than by ens20C arises 
from the seasonal cycle. The observed time series 
is too short to distinguish robustly between the 
mean seasonal cycle and monthly mean devia- 
tions thereof; the standard error of the seasonal 
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AMOC is +2 Sv (25), which is close to the typ- 
ical monthly mean AMOC deviation from the 
mean seasonal cycle. Therefore, we cannot at 
present distinguish between predictability of cli- 
matological and anomalous seasonality. 

Because it is AMOC seasonality that is most 
clearly improved through our initialization, one 
might argue that this particular skill increase is 
not difficult to achieve. We counter this challenge 
by noting that, unlike the seasonal cycle in tem- 
perature, the observed AMOC seasonal cycle, 
with a maximum in October and a minimum in 
April, has highly nontrivial causes (25, 26). The 
largest contribution to observed AMOC season- 
ality arises from the baroclinic upper-mid-ocean 
transport between the Bahamas and Africa, which 
in turn is dominated by density variations near the 
eastern boundary (25, 26). These seasonal den- 
sity variations are coherent to depths of 1400 m 
(26), implying a substantial role of internal ocean 
dynamics in the seasonal cycle of AMOC. These 
observational facts both give credence to our claim 
of enhanced AMOC hindcast skill and suggest 
that AMOC predictability chiefly arises from the 
predictability of the upper-mid-ocean transport. 

To investigate this suggestion, we first note 
that AMOC at 26.5°N can be estimated as the 


AMOC hindcast 


0 1 1 1 1 1 
2004 2005 2006 2007 2008 2009 


Fig. 1. Multiyear AMOC hindcasts compared with 
observations and noninitialized climate model sim- 
ulations. AMOC strength is the zonally integrated 
northward flow at 26.5°N above 1000-m depth. The 
observed transports are from RAPID/MOCHA (red); 
the individual hindcasts and their ensemble mean are 
shown in gray and black, respectively. AMOC from 
the noninitialized climate simulations (ens20C) is 
shown in the upper plots in light blue for individual 
experiments and dark blue for the ensemble mean. 
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sum of three independently obtained transport 
components: upper-mid-ocean transport (MO), 
Ekman transport (EK), and Florida Current trans- 
port (FC) (16, 17, 27). MO is derived from thermal 
wind balance (23). We find that skilful hindcasts 
of MO can be made for up to 3 years (Fig. 3A), 
and we find much less sensitivity to start year; 
MO prediction is more robust than is AMOC pre- 
diction. MO skill improvement is also docu- 
mented in the generally higher and more realistic 


Fig. 2. COR skill scores 


amplitude of hindcast variability, compared to 
ens20C (figs. S3 and S4). 

In both observations and hindcasts, we see a 
very strong connection between MO and the 
zonal density difference across the basin, aver- 
aged over the depth range 200 m to 1000 m (Ap,) 
(fig. SS). We find in our hindcasts significant 
COR skill for Ap, for up to 3 years (Fig. 3B and 
fig. SS). This skill both explains the origin of the 
MO hindcast skill and makes plausible the 


AMOC COR skill 


of monthly mean AMOC 1 
for the ensemble mean 
hindcasts started in Janu- 
ary 2004, January 2005, 
January 2006, and January 
2007 are shown by black, 
violet, blue, and yellow 
filled symbols (respective- 
ly) connected by solid lines. 
COR skill scores of persist- 
ence forecast started in Jan- 
uary 2005, January 2006, 
and January 2007 are shown 
by violet, blue, yellow open 
symbols (respectively) con- 
nected by dashed lines. A 
persistence forecast can not 
be issued at January 2004 


COR 


due to the lack of observa- 
tional data. Different sym- 
bols are used to indicate 
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Lead time (yr) 


COR skill scores at various lead times: year 1, triangles; year 2, squares; year 3, circles; and year 4, diamonds. 
The 10% significance level is plotted as a dashed black line, and the averaged COR skill score of the ensemble 
mean noninitialized climate simulations is shown as a dashed gray line. 


A MO COR skill 


COR 


greater robustness of MO hindcast skill for dif- 
ferent start years when compared with AMOC 
hindcast skill. AMOC hindcast skill is also in- 
fluenced by EK and FC, both of which are less 
predictable than MO (fig. S6 and SOM text). 
Hence, EK and FC can diminish the AMOC hind- 
cast skill, as is the case for the hindcasts started 
in January 2007, or enhance it, as is the case 
for the hindcasts started in January 2004 and 
2005 (fig. S6 and SOM text). 

The observed seasonal cycles in AMOC and 
eastern-boundary density at 26.5°N are thought 
to be driven primarily by seasonal wind-stress- 
curl variations near the eastern boundary (25, 26). 
To find multiyear predictability for a wind-driven 
climate quantity might appear surprising, because 
we do not expect predictability for wind stress 
itself. We speculate, however, that the seasonally 
varying wind-stress curl near the eastern bound- 
ary might repeatedly imprint itself onto eastern- 
boundary density. Hence, knowledge of density 
at any given time would reflect forcing over a 
longer period in the past, and predictive skill 
for density would not imply predictive skill for 
wind stress. 

With hindcast skill established, we are now in 
a position to produce AMOC forecasts. For each 
January from 2008 until 2011, we construct an 
ensemble of nine forecasts spanning 10 years. 
We consider all these simulations forecasts be- 
cause the RAPID/MOCHA estimate is currently 
only available until the beginning of April 2009, 
and the period of overlap is very short. The ex- 
istence of such a conceptual “gray zone”—where 
the ocean model forcing and, hence, our ini- 
tialization as well as EK are known but MO is 
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Fig. 3. COR skill scores of monthly mean MO (A) and upper ocean zonal 
density difference (Ap,) (B). COR skill scores for the ensemble mean hind- 
casts started in January 2004, January 2005, January 2006, and January 
2007 are shown by black, violet, blue, and yellow filled symbols (respec- 
tively) connected by solid lines. COR skill scores of persistence forecast 
started in January 2005, January 2006, and January 2007 are shown by 
violet, blue, and yellow open symbols (respectively) connected by dashed 
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lines. A persistence forecast can not be issued at January 2004 due to 
the lack of observational data. Different symbols are used to indicate 
COR skill scores at various lead times: year 1, triangles; year 2, squares; 
year 3, circles; and year 4, diamonds. The 10% significance level is 
plotted as a dashed black line, and the averaged COR skill score of the 
ensemble mean noninitialized climate simulations is shown as a dashed 
gray line. 
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Fig. 4. Multiyear predictions of AMOC transport. 
RAPID/MOCHA time series are shown in red; ensem- 
ble mean forecasts are shown in dark gray, light 
blue, dark blue, and green for the forecasts starting 
in January 2008, January 2009, January 2010, and 
January 2011, respectively. The pale shading rep- 
resents the 95% confidence intervals of the nine- 
member forecast ensemble initialized in January 2008, 
January 2009, January 2010, and January 2011. 


not—is inevitable for as long as in situ ocean 
interior measurements cannot be made in real time. 

For all start years, the ensemble-mean forecasts 
until 2014 indicate a generally stable AMOC 
(Fig. 4). However, the forecast initialized in 2010 
shows a pronounced AMOC minimum in March 
2010 that arises from a minimum in EK (fig. $7), 


which in turn is induced by an extremely neg- 
ative North Atlantic Oscillation in winter 2009— 
2010 (28). The real AMOC minimum in March 
2010 may turn out to be even deeper than pre- 
dicted, because our ensemble mean underpredicts 
AMOC amplitude (fig. S2). We are confident, 
however, that the AMOC minimum in March 
2010 will be a short-lived phenomenon; our con- 
fidence is based on the insensitivity of our 
AMOC and MO forecasts to the start year. 

We cannot readily generalize our results for 
26.5°N to other latitudes; recent studies reported 
a change in the character of AMOC fluctuations 
around 40°N, with a strong decadal component 
to the north and enhanced higher-frequency var- 
lability to the south (29-37). However, for 26.5°N, 
we have established AMOC hindcast skill, we 
understand that this skill arises from the mid- 
ocean transport, and we confidently predict a 
stable AMOC at least until the end of 2014. 
Moreover, our findings demonstrate that skill in 
climate prediction arises not only from the large 
ocean thermal inertia but potentially also from 
the long time scales of internal ocean dynamics. 
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Ancestral Developmental Potential 
Facilitates Parallel Evolution in Ants 


Rajendhran Rajakumar,? Diego San Mauro,’* Michiel B. Dijkstra,++ Ming H. Huang,” 
Diana E. Wheeler,” Francois Hiou-Tim,? Abderrahman Khila,?+ 


Michael Cournoyea,*§ Ehab Abouheif"|| 


Complex worker caste systems have contributed to the evolutionary success of advanced ant 
societies; however, little is known about the developmental processes underlying their origin 

and evolution. We combined hormonal manipulation, gene expression, and phylogenetic 
analyses with field observations to understand how novel worker subcastes evolve. We 

uncovered an ancestral developmental potential to produce a “supersoldier” subcaste that has 
been actualized at least two times independently in the hyperdiverse ant genus Pheidole. This 
potential has been retained and can be environmentally induced throughout the genus. 
Therefore, the retention and induction of this potential have facilitated the parallel evolution of 
supersoldiers through a process known as genetic accommodation. The recurrent induction of 
ancestral developmental potential may facilitate the adaptive and parallel evolution of phenotypes. 


he wingless worker caste, a universal fea- 
ture of ants (/, 2), has repeatedly expanded 
into a complex system of morphologi- 


cal and behavioral subcastes. The existence of 


these subcastes has long fascinated biologists 
(3-9), yet little is known about their develop- 


mental and evolutionary origin (7, 8). The ant 
genus Pheidole is one of the most species-rich 
genera, with 1100 species worldwide (/0, 1/). 
All Pheidole species have two worker subcastes: 
minor workers (Fig. 1C) that perform most tasks 
in the nest and forage and soldiers (Fig. 1B) that 
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defend the nest and process food (//). This com- 
plex worker caste system is thought to have pro- 
moted the remarkable diversification of Pheidole 
by enhancing the division of labor (//). 

In a wild P. morrisi colony, we discovered 
several anomalous soldier like individuals. These 
individuals are anomolous because they are sig- 
nificantly larger than normal soldiers (Fig. 2, A 
and B, and fig. S1), and unlike normal soldiers, 
they have mesothoracic wing vestiges (Fig. 2, C 
and D) and rarely occur in nature. These anom- 
alous soldiers are similar to a supersoldier sub- 
caste, which is known to be continually produced 
in eight Pheidole species (fig. S2) (10-12). These 
species co-occur with army ants and live ex- 
clusively in the deserts of the American south- 
west and northern Mexico (//). In one of these 
species, P. obtusospinosa (Fig. 2, E and I), a 
major function of the supersoldier subcaste is to 
block the nest entrance with their extra-large 
heads and engage in combat to defend against 
army ant raids (/3). 

The similarity between the supersoldier-like 
anomalies in P. morrisi and the supersoldier sub- 
caste suggests that they share a developmental 
origin. Normal soldier development in Pheidole 
may provide insight into how supersoldier-like 
anomalies may have originated. The soldier sub- 
caste is determined late in larval development at a 
soldier-minor worker switch point (Fig. 1), 
which is largely controlled by nutrition (5) and 
mediated by juvenile hormone (JH) (/4, /5). 
Soldier development is defined by two features: 
(i) Soldier-determined larvae grow larger than 
minor worker larvae; and (ii) they develop a pair 
of vestigial forewing discs in their mesothoracic 
segment (Fig. 1, E and F) (/4-/6). These discs 
show a soldier-specific expression of spalt (sal) 
(Fig. 1E) (7), a key gene in the network under- 
lying wing polyphenism in Pheidole. Sal is a key 
gene because its expression is spatiotemporally 
associated with the induction of apoptosis in these 
vestigial forewing discs (17, 18). Therefore, the 
supersoldier-like anomalies we found in P. morrisi 
were likely to have originated from the abnormal 
growth of soldier larvae and their vestigial wing 
discs. Based on this insight, we predicted that the 
evolution of the supersoldier subcaste in Pheidole 
occurred through developmental changes that 
elaborated these two features. 

We tested this prediction in P. obtusospinosa 
and P. rhea, two species that have a supersoldier 
subcaste (//). As predicted, their supersoldier 
larvae grow larger (Fig. 2, F and J, and fig. S3, 
B and F) and develop two pairs of large vestigial 
wing discs relative to their soldier larvae (Fig. 2, 
Gand K, and fig. S3, C and G). Furthermore, ves- 
tigial wing discs in supersoldier larvae show an 
elaborated pattern of sal expression in the wing 
pouch relative to those of soldier larvae (Fig. 2, H 
and L, and fig $3, D and H, black arrows). We 
then resolved the evolutionary history of their 
supersoldier subcaste by reconstructing a phylogeny 
of 11 Pheidole species (fig. S5). Of these, only 
P. obtusospinosa and P. rhea have a supersol- 


dier subcaste. Our phylogenetic analysis sug- 
gests that the supersoldier subcaste has evolved 
independently, because P rhea is one of the most 
basal species of this genus, whereas P obtusospinosa 
is derived (fig. S5) (J0). Therefore, the super- 
soldier subcaste has evolved in parallel, because 
similar developmental changes underlie its inde- 


Fig. 1. Wing polyphenism a 
in P. morrisi: the ability 
of a single genome to pro- 
duce (A) winged queens 
and wingless (B) soldiers 
and (C) minor workers (2). 
Caste determination oc- 
curs at two JH-mediated 
switch points in response 
to environmental cues 
(1, 15, 30). (D) Wing discs 
in queen larvae showing 
conserved hinge and pouch 
expression of sal. (E) Ves- 
tigial wing discs in soldier 
larvae showing a soldier- 
specific pattern of sal 
expression, where it is con- 
served in the hinge but 
down-regulated in the 
pouch. Asterisks repre- 
sent the absence of visi- 
ble wing discs and sal 
expression in (E) soldier 


pendent evolution in P. obtusospinosa and P. rhea. 
Furthermore, our phylogenetic analysis suggests 
that, relative to P. obtusospinosa, there are six 
basal and four derived species (fig. S5). We found 
that soldier larvae of these basal and derived spe- 
cies differ in their vestigial wing disc number and 
wing pouch expression of sal (fig. S6). This indi- 


~* 


minor worker 


| 


and (F) minor worker larvae. Scale bars indicate the relative sizes of queen, soldier, and minor worker 


larvae and adults. 


v 
3 
head width (mm) 


XSD 


Fig. 2. Comparison of P. morrisi (Pm) ants: (A, left) Normal adult soldier (SD) and (A, right) anomalous 
supersoldier (aXSD). (B) Mean and standard deviation of head width of normal SD (gray) and aXSD (black) 
(fig. $1), and thorax of (C) a normal SD and (D) an aXSD. Comparison of P. obtusospinosa (Po) ants: 
adults of (E) SD and (I) supersoldier (XSD); larvae of (F) SD and (J) XSD; and vestigial wing discs [stained 
with 4’,6’-diamidino-2-phenylindole (DAPI)] and sal expression in SD (G and H and fig. S4A) and XSD (K 
and L and fig. S4B). White arrowheads indicate the presence of mesothoracic vestigial wing buds or discs; 
asterisks denote their absence. Black arrowheads indicate sal expression in the wing pouch. Adult, larval, 
and vestigial wing disc images are all to scale. See fig. $3 for a comparison of P. rhea SD and XSD. 
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cates that the supersoldier subcaste has evolved 
in parallel despite the evolutionary divergence of 
soldier development. 

Application of methoprene (a JH analog) to 
Pheidole \arvae has been shown to induce the 
development of unusually large soldier pupae 
(15). In P. morrisi, we found that methoprene can 
induce the development of larvae and adults 
that mimic the anomalous supersoldier-like in- 
dividuals of P. morrisi and the supersoldiers of 
P. obtusospinosa and P. rhea. First, induced 


Fig. 3. Methoprene- 
induced supersoldiers (iXSD) 
in P. morrisi (Pm): com- 
parison of (A) normal SD 
with (B) iXSD. (C) Thorax 
of an iXSD. Comparison of 
(D) SD and (G) iXSD lar- 
vae, and of vestigial wing 
discs (stained with DAPI) 
and sal expression in (E and 
F) normal SD and (H and 
1) iXSD. White arrowheads 
indicate the presence of 
mesothoracic vestigial wing 
buds or discs; asterisks de- 
note their absence. Black 
arrowheads indicate sal ex- 
pression in the wing pouch. 
Adult, larval, and vestigial 
wing disc images are all to 
scale. 
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supersoldier larvae (Fig. 3G) and adults (Fig. 3B) 
are significantly larger than untreated controls 
(Fig. 3, D and A, and fig. S7), and several of the 
induced adult supersoldiers have mesothoracic 
wing vestiges (Fig. 3C). Second, the relative 
size ranges of induced supersoldiers overlap with 
those of anomalous and naturally produced super- 
soldiers (fig. S8). Finally, we found vestigial wing 
discs of induced supersoldier larvae (Fig. 3, H and 
L and fig. S9, B to D and F to H) that mimic those 
of supersoldier larvae in PR. obtusospinosa (Fig. 2, 
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Fig. 4. Evolutionary history of ancestral developmental potential and phenotypic expression of 
supersoldiers (XSDs). MYA, million years ago. Purple represents the pattern of sal expression; asterisks 
indicate the absence of vestigial wing discs and sal expression. Green arrows and boxes represent the 


induction of XSD potential. 
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K and L) and P rhea (fig. S3, G and H). There- 
fore, although P. morrisi lacks a supersoldier sub- 
caste, there is a developmental potential to produce 
supersoldiers that can be induced through JH. Fur- 
thermore, the occurrence of supersoldier-like anom- 
alies in P morrisi (Fig. 2A) and other Pheidole 
species (/6) suggests that this potential is recur- 
rently induced in nature. This recurrent induc- 
tion, which is probably mediated by JH, may be 
caused by nutrition, because it has been shown 
that environmental variation in nutrition (3) and 
experimentally increasing nutrition (5) produces 
supersoldier-like anomalies in Pheidole colonies. 

We discovered that this developmental poten- 
tial to produce supersoldiers can be induced by 
methoprene in other derived (P. hyatti) and basal 
(P. spadonia) Pheidole species that lack a super- 
soldier subcaste. As in P. morrisi, we found ves- 
tigial wing discs of induced supersoldier larvae 
in P. hyatti (fig. S9, J and N) and P. spadonia (fig. 
S9, R and V) that mimic those of supersoldier 
larvae in P. obtusospinosa (Fig. 2, K and L) and 
P. rhea (fig. S3, G and H). Therefore, the devel- 
opmental potential to produce supersoldiers has 
been retained and was probably present in the 
common ancestor of all Pheidole (Fig. 4). With- 
out a priori knowledge of this ancestral develop- 
mental potential, we would have inferred that the 
supersoldier subcaste has evolved de novo: once 
in P. rhea and once in P. obtusospinosa (fig. $5) 
(0). However, our results support an alternative 
explanation for the parallel evolution of super- 
soldiers: The developmental potential and phe- 
notypic expression of a novel supersoldier subcaste 
originated in the common ancestor of all Pheidole 
(Fig. 4, section i); the phenotypic expression of 
supersoldiers was subsequently lost, but the 
ancestral potential to produce them was retained 
(Fig. 4, section ii); and this potential was then 
actualized in P. obtusospinosa, leading to the re- 
evolution of a supersoldier subcaste (Fig. 4, sec- 
tion ili). 

Finally, we showed that this ancestral po- 
tential was actualized in P. obtusospinosa through 
the re-evolution of a second JH-sensitive period 
mediating a soldier-supersoldier switch point 
(fig. S10). We applied methoprene to larvae 
that had passed the soldier—minor worker switch 
point but whose caste fate as either soldiers or 
supersoldiers was still undetermined. We found 
that applying methoprene to these larvae induced 
the development of a significantly greater pro- 
portion of supersoldiers (fig. S11). Collectively, 
our results indicate that the supersoldier subcaste 
in P. obtusospinosa re-evolved through genetic 
accommodation. This process occurs when: (i) a 
novel phenotype is induced and (ii) this phe- 
notype is incorporated into the population through 
selection on genes that control its frequency 
and form of expression (/9, 20). Environmental 
induction of the ancestral potential may have 
recurrently produced supersoldier-like anomalies 
in P. obtusospinosa. These anomalies would per- 
sist, because colonies of Pheidole generally care 
for and buffer anomalies against purifying 
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selection (3). Selection on P. obtusospinosa col- 
onies may have incorporated induced supersoldier- 
like anomalies by increasing their frequency through 
modification of the JH system (fig. S12) and by 
inhibiting the formation of any wing vestiges (fig. 
S13 and S14). Army ant raids may have been a 
selective pressure that incorporated these anom- 
alies, because P. obtusospinosa supersoldiers cur- 
rently use their extra-large heads to defend against 
these raids (/3). 

Selection for re-evolving supersoldiers may 
generally be reduced, because almost all Pheidole 
species lack a supersoldier subcaste (/0, 1). 
P. hyatti provides insight into how this selective 
pressure can be reduced: Although P. hyatti re- 
tains the developmental potential (Fig. 4) and lives 
in an ecological environment similar to that of 
P. obtusospinosa, it has not re-evolved a super- 
soldier subcaste (//). Instead, P. hyatti uses nest 
evacuation behavior when attacked by army ants 
(21). The retention of this potential in P hyatti and 
other Pheidole species that lack a supersoldier 
subcaste may therefore be due to a clade-specific 
constraint (22). This constraint may have arisen 
from having the same hormone (JH) mediate the 
determination of both soldiers and supersoldiers 
in the common ancestor of all Pheidole. Soldiers 
and supersoldiers are both defined by their larval 
size and the development of their vestigial wing 
discs, which indicates that their developmental 
programs share many modules. Therefore, the an- 
cestral potential to produce supersoldiers cannot 
be lost without compromising the developmental 
program of soldiers. 


Recurrent phenotypes reflecting ancestral po- 
tentials have long been recognized as widespread 
in plants and animals (6, /9, 23-28). Because of 
the lack of empirical evidence, however, the evo- 
lutionary significance of these recurrent pheno- 
types has been underappreciated (J9, 29). We 
uncovered an ancestral developmental potential 
to produce a novel supersoldier subcaste that 
has been retained throughout a hyperdiverse ant 
genus that evolved ~35 to 60 million years ago 
(/0) (Fig. 4). Our results suggest that the recurrent 
induction of ancestral developmental potential 
is an important source of adaptive variation for 
selection that facilitates the adaptive and parallel 
evolution of novel phenotypes. 
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Fitness Trade-Offs and 
Environmentally Induced Mutation 
Buffering in Isogenic C. elegans 


M. Olivia Casanueva,’ Alejandro Burga,’ Ben Lehner?’2* 


Mutations often have consequences that vary across individuals. Here, we show that the stimulation 

of a stress response can reduce mutation penetrance in Caenorhabditis elegans. Moreover, this induced 
mutation buffering varies across isogenic individuals because of interindividual differences in stress 
signaling. This variation has important consequences in wild-type animals, producing some individuals 
with higher stress resistance but lower reproductive fitness and other individuals with lower stress 
resistance and higher reproductive fitness. This may be beneficial in an unpredictable environment, 
acting as a “bet-hedging” strategy to diversify risk. These results illustrate how transient environmental 
stimuli can induce protection against mutations, how environmental responses can underlie variable 
mutation buffering, and how a fitness trade-off may make variation in stress signaling advantageous. 


specific mutation can have different con- 
sequences in different individuals. For 
example, even in “Mendelian” human 
diseases, such as cystic fibrosis, an inherited mu- 
tation can result in severe disease in one individual 
but a milder phenotype in another (/). Incomplete 
penetrance is also observed in isogenic model 
organisms and is poorly understood (2-4). 
Many mutations have outcomes that de- 
pend on the activity of molecular chaperones— 


proteins that aid the folding of other macro- 
molecules (5—/4). More generally, molecular 
mechanisms that promote environmental robust- 
ness (survival after environmental challenges) 
also tend to increase mutational robustness [the 
extent to which an organism’s phenotype re- 
mains constant in spite of mutation (/5—/7)]. 
We investigated whether genetically increas- 
ing environmental stress resistance could modify 
mutation penetrance in the model organism 


Caenorhabditis elegans. We used a transgene to 
overexpress the transcription factor heat shock 
factor 1 (HSF-1), a master regulator of the envi- 
ronmental stress response. Transgenic animals are 
more resistant to a range of environmental chal- 
lenges (/8, 19) and show a delayed age-dependent 
reduction in protein-folding homeostasis (20). We 
crossed the /sf-/ transgenic animals with strains 
carrying diverse mutations that affect develop- 
ment but with outcomes that vary across individ- 
uals (table S1). 

In 8 out of 11 tested cases, mutation pene- 
trance was reduced in the transgenic animals 
(Fig. 1, fig. S1, and table $2). Protection was ob- 
served for mutations affecting both embryonic 
(Fig. 1A) and postembryonic (Fig. 1B) develop- 
ment. For example, embryonic lethality caused by 
a deletion in the intermediate filament protein gene 
ifb-1 reduced from 33% to 17% (48% of animals 
that would have died were protected, P= 5.7*10 |”) 
(Fig. 1, fig. S1, and table S4). The buffered mu- 
tations are molecularly diverse and act in distinct 
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Fig. 1. Genetic and environmental stimulation of mutation buffering during 
the development of C. elegans. Increased expression of HSF-1 reduces the 
penetrance of mutations acting early (A) or late (B) in development. Sim- 
ilarly, a 2-hour 35°C heat shock at the L1 stage of development reduces the 
penetrance of late-acting mutations (C). **P < 0.01, Fisher exact test; error 


pathways and tissues (table S1). Protection ranged 
from 18 to 88% in the different cases. All of the 
buffered mutations had temperature-sensitive out- 
comes, whereas those refractive to buffering did 
not, and they likely represent genetic nulls (tables 
S1 and SS). 

These observations suggest that, at least in 
C. elegans, a stimulated stress response can 
reduce the penetrance of partial loss-of-function 
mutations. We next tested whether the environ- 
mental stimulation of a stress response can have a 
similar effect. A mild environmental stimulus in- 
duces chaperone expression and promotes sur- 
vival in subsequent environmental challenges, a 
response referred to as “hormesis” (2/1). We sub- 
jected animals to a transient heat shock as larvae 
to induce a stress response, allowed them to de- 
velop to adults, and examined the proportion of 
individuals affected by late-acting mutations. When 
a mutation was chaperone-dependent, a mild en- 
vironmental challenge stimulated a reduction in 
penetrance (Fig. 1C). For example, an inactivat- 
ing mutation in the zinc finger transcription factor 
LIN-29 caused abnormal male gonad migration 
in 46% of controls but only in 30% of animals 
receiving a prior heat stress (P= 5 x10 *, a 35% 
reduction) (tables S3 and S4). 

Beyond genetic differences, therefore, a sec- 
ond cause of variation in mutation outcome can 
be variation in the prior exposure of individuals 
to transient environmental stimuli (Fig. 1C and 
fig. S1, C to K). Although severe environmental 
stress can reduce mutation buffering (8, 9), tran- 
sient environmental stimuli can promote it. 

Isogenic individuals often show substantial 
variation in their response to a common envi- 
ronmental challenge (2/—24). We tested whether 
this interindividual variation also affects the 
outcome of mutations. We applied a transient 
heat shock and sorted animals according to their 
induction of one of the stress-responsive report- 
ers hsp-16.2p::GFP (green fluorescent protein) 
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bars indicate SEM. Phenotypes: Lvl, larval lethal; Emb, embryonic lethal; 
Bmd, body morphology defect; Muv, multivulva; Vul, vulvaless; Mig, male 
gonad migration defect; Mab, male abnormal (male tail ray defect); Dpy, 
dumpy; TF, transcription factor; EphR, ephrin receptor; IF, intermediate 
filament; ND, not determined. See also fig. $1, tables S1 to $5. 
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Fig. 2. Interindividual variation in a stress response predicts variation in mutation outcome. (A) Animals received 
a 2-hour 35°C heat shock as L1 larvae and were sorted 1 day later into “high” (right worm) and “low” (left 
worm) populations, according to the induction of an hsp-16.2 chaperone promoter reporter. Histograms show 
representative GFP intensity distributions of sorted populations. Images on the right show the midbody region of 
lin-31(n1053); hsp-16.2::GFP animals. Asterisks mark pseudo-vulvae and arrowheads the vulva. (B) Mutation 
penetrance in the sorted populations for lin-31(n1053); hsp-16.2::GFP, lin-29(ga94); hsp-16.2::GFP, mab-19 
(bx83); hsp-16.2::mcherry, and vab-9(ué); hsp-16.2::GFP (raw data in table $6). (C) GFP intensity in individual 
lin-31(n1053); hsp-16.2::GFP animals 12 hours after heat shock in larvae that did (right) and did not (left) 
ultimately develop an abnormal vulva phenotype. GFP expression levels are scaled between 0 and 1 in each panel. 


A and B; fig. S2; and table S6). Quantifying 
the response in individual animals confirmed 
this finding: Animals that had a stronger stress 


or hsp-16.2p::mcherry (22). We found that ani- 
mals in which a stronger stress response was in- 
duced had reduced mutation penetrance (Fig. 2, 
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response were less likely to be affected by an 
inherited chaperone-dependent mutation (Fig. 2C 
and table S7). 

Isogenic individuals that induce higher chap- 
erone levels are therefore more resistant to the 
effects of certain inherited mutations. These 
individuals are also more resistant to heat stress 
and live longer (22). Why, therefore, is a strong 
stress response not induced in all individuals in a 
population? Mutations that increase stress resist- 
ance can also have a pleiotropic effect on fitness: 
Perturbing the insulin-like signaling pathway 
in C. elegans can reduce fecundity (25), and in- 
creased chaperone expression in Drosophila can 
be detrimental (26). We reasoned, therefore, that 
a fitness trade-off might occur across isogenic 
individuals, with those having a stronger stress 
response also incurring a fitness cost. 

Using the hsp-16.2p::GFP reporter to sep- 
arate individuals after a heat stress, we observed 
that, although individuals that had a stronger re- 
sponse were more resistant to a subsequent severe 
heat stress (fig. S3 and table S8), they had a sig- 
nificantly reduced early fecundity (fig. S3D and 
table S9). If conditions remain benign, therefore, in- 


2hr 35°C heat shock 
as L3 larvae 


dividuals that have a stronger stress response incur 
an important fitness cost (fig. S3D and table S9). 

In addition to HSF-1, a second key regulator 
of the stress response is the FOXO transcription 
factor DAF-16. DAF-16 relocalizes from the cy- 
toplasm to the nucleus after a heat stress and, 
with HSF-1, induces the expression of target 
genes, such as hsp-16.2 (27, 28). Using a DAF- 
16::GFP fusion protein, we observed that the 
nuclear translocation of DAF-16 is rapid but that 
variation occurs across individuals in the time 
that DAF-16 remains in the nucleus (Fig. 3). For 
example, DAF-16 had been exported from the 
nucleus in half of animals ~100 min after a 3-hour 
heat shock (Fig. 3A). Sorting animals according 
to the nuclear residency time of DAF-16, we 
found that higher chaperone induction (fig. S4 
and table S21), increased stress resistance (Fig. 3C, 
table S8), and reduced early fecundity (Fig. 3D 
and table S10) were all associated with prolonged 
DAF-16 signaling. 

We next used a transcriptional reporter for an 
endogenously expressed chaperone, DAF-21 
(Hsp90) to test whether variation in the stress 
response relates to preexisting variation in chap- 
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Fig. 3. A trade-off between the development of thermotolerance and reproductive fitness in an isogenic 
population. (A) Proportion of animals with nuclear DAF-16::GFP after a 2-hour 35°C heat stress at the 


L3 stage. (B) Two worms 50 min after heat shock: In the right individual (“long duration”), DAF-16::GFP 


is predominantly localized in the nucleus, whereas in the left (“short duration”) individual, it is also in 
the cytoplasm. (C) Survival after a 5-hour heat shock at 35°C for the first (short duration) and last (long 


duration) 10 to 20% of individuals in which DAF-16::GFP returns to the cytoplasm. (D) The number of 
embryos laid as adults. *P < 0.05, **P < 0.01, Fisher exact test for lethality, Wilcoxon rank sum test for 


fecundity (see also tables S8 and S10). 


erone levels. Consistent with this idea, animals 
with higher daf-21p::mcherry expression before 
a heat shock developed greater thermotolerance 
(fig. S3G and table S8) and incurred a repro- 
ductive fitness cost after a mild heat stress (fig. 
S3H and table S11). Thus, interindividual var- 
iation in the response to a heat stress is, at least 
partially, due to preexisting molecular variation 
in a population. 

We reasoned that this preexisting variation in 
chaperone expression might also affect the out- 
come of mutations. We used an RNA interference 
screen to define the individual chaperone depen- 
dence of different mutations: The results of this 
screen revealed that individual mutations differ in 
their chaperone dependence and provide a re- 
source for future mechanistic work (fig. S5 and 
tables S13 to S20). In this screen, we identified the 
mutation /in-31(n1053) as strongly dependent on 
daf-21 (Hsp90) activity (fig. SSD). We tested whether 
endogenous variation in daf-2/ expression pre- 
dicted interindividual variation in the outcome of 
this mutation, by separating animals as larvae by 
their expression of the daf-21p-:mcherry reporter 
and after the development of mutant phenotypes. 
Specifically for the /in-31(n 1053) mutation, higher 
expression of the daf-2/ reporter was associated 
with a reduced mutation penetrance (Fig. 4 and 
table S22). This illustrates that even in the absence 
of a macroscopic environmental perturbation there 
can be predictable interindividual variation in the 
capacity to buffer mutations. 

In summary, we have shown that, after a mild 
environmental stimulus, a trade-off occurs in 
C. elegans between the development of stress 
resistance and reproductive fitness. Preexisting 
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Fig. 4. Interindividual variation in the expression 
of an endogenous chaperone during larval devel- 
opment predicts mutation outcome. lin-31(n1053); 
daf-21p::mcherry, lin-29(ga94);daf21p::mcherry, and 
vab-9(jué);daf-21p::mcherry animals were sorted into 
high- and low-expressing populations as L4 larvae 
and scored for abnormal phenotypes as adults. Var- 
jation in the daf-21 reporter predicts variation in 
the outcome of the lin-31(n1053) mutation. **P = 
5.7x10~“, Fisher exact test (table S22). Of these three 
mutations, only the penetrance of lin-31(n1053) is en- 
hanced when daf-21 is inhibited by RNA interfer- 
ence (fig S5D). 
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molecular variation in an isogenic population 
means that, after an environmental challenge, 
stress signaling is prolonged in some individuals, 
and these individuals develop increased stress 
resistance but a lower reproductive potential. 
C. elegans is a naturally self-fertilizing species 
and, in the wild, is likely to experience highly var- 
iable environmental conditions. In a dynamic and 
unpredictable environment, the generation of such 
phenotypic diversity can be beneficial, acting as a 
“bet-hedging” strategy to diversify risk (29-33). 
We suggest that interindividual variation in stress 
signaling may therefore be beneficial, as it resolves 
a trade-off between the development of stress re- 
sistance and rapid reproduction. 

We have also shown that an environmental 
stress response can stimulate genetic buffering 
and so protect individuals from inherited muta- 
tions. Variation in stress signaling, however, means 
that this induced capacity to buffer mutations 
differs predictably across individuals. The con- 
servation of stress responses and their variability 
(21, 24) suggests that these concepts may apply 
quite widely, including perhaps in human genetic 
disease. 
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Molecular Mimicry Regulates 
ABA Signaling by SnRK2 Kinases 
and PP2C Phosphatases 


Fen-Fen Soon,”’2* Ley-Moy Ng,’2* X. Edward Zhou,?* Graham M. West,? 

Amanda Kovach,? M. H. Eileen Tan,”? Kelly M. Suino-Powell,? Yuanzheng He,* 
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Hualiang Jiang,° Jun Li,”? Eu-Leong Yong,” Sean Cutler,’ Jian-Kang Zhu,” 
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Abscisic acid (ABA) is an essential hormone for plants to survive environmental stresses. At 

the center of the ABA signaling network is a subfamily of type 2C protein phosphatases (PP2Cs), 
which form exclusive interactions with ABA receptors and subfamily 2 Snfl-related kinase 
(SnRK2s). Here, we report a SnRK2-PP2C complex structure, which reveals marked similarity 

in PP2C recognition by SnRK2 and ABA receptors. In the complex, the kinase activation loop 
docks into the active site of PP2C, while the conserved ABA-sensing tryptophan of PP2C inserts 
into the kinase catalytic cleft, thus mimicking receptor-PP2C interactions. These structural results 
provide a simple mechanism that directly couples ABA binding to SnRK2 kinase activation and 
highlight a new paradigm of kinase-phosphatase regulation through mutual packing of their 


catalytic sites. 


bscisic acid (ABA) is a vital plant hor- 
mone and a central regulator that pro- 
tects plants against abiotic stresses such 
as drought and salinity. The core of the ABA 
signaling network comprises a subfamily of type 
2C protein phosphatases (PP2Cs) and three Snfl- 
related kinases, SnRK2.2, 2.3, and 2.6 (/, 2), 
whose activities are tightly controlled by ABA. 
In the absence of ABA, SnRK2 kinases are in- 


activated by PP2Cs, including ABI1, ABI2, and 
HABI1 (2-5), which physically interact with 
SnRK2s and dephosphorylate a serine residue 
in the kinase activation loop (S175 in SnRK2.6) 
whose phosphorylation is required for kinase 
activity (Fig. 1A) (6-8). ABA binding to the 
PYR/PYL/RCAR family of ABA receptors pro- 
motes the receptors to bind to the catalytic site 
of PP2Cs and inhibit their enzymatic activity 


(Fig. 1A) (3-5, 9-12). In tum, ABA-induced in- 
hibition of PP2Cs leads to SnRK2 activation by 
activation loop autophosphorylation (6, 7), which 
allows the SnRK2s to relay the ABA signal to 
downstream effectors (/3, /4). In plants, SnRK2 
activation loop phosphorylation may also in- 
volve unidentified upstream kinases (7, /5). 
Recent structural studies have revealed a 
gate-latch-lock mechanism for PP2C inhibition 
by ABA receptors (9/2, 16). The ABA-binding 
pocket of receptors is flanked by two highly 
conserved loops that serve as a gate and latch. 
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The gate in apo receptors is in open conformation. 
ABA binding induces the closure of the gate 
onto the latch and allows the receptor to dock 
into the PP2C active site, thus inhibiting PP2C 
activity by blocking substrate access. A conserved 
tryptophan of PP2C, which inserts between the 
gate and latch, functions as a molecular lock to 
further stabilize the receptor-PP2C complex (Fig. 
1A). This tryptophan also functions as an ABA 
sensor through a water-mediated contact with the 
bound ABA in the receptor pocket. Thus, the 
gate of the receptors and the tryptophan lock 
of PP2Cs are both required for ABA-dependent 
receptor-PP2C interactions. 

A fundamental but currently unresolved ques- 
tion is how SnRK2 activation is orchestrated 
with ABA binding and PP2C inhibition. To ad- 
dress this, we have solved the crystal structure 
of a SnRK2.6-HAB1 complex, which reveals a 
striking similarity between the SnRK2.6-HAB1 
interface and the receptor-PP2C interface. The ac- 
tivation loop of SnRK2 is packed against the 
active site of PP2C in a manner mimicking the 
gate of ABA receptors. The conserved tryptophan 
of PP2Cs, which locks the gate of ABA recep- 
tors, inserts deeply into the kinase active cleft 
and completely blocks its activity. These shared 
structural elements for PP2C binding by ABA 
receptors and SnRK2 thus provide a direct mech- 
anism that links ABA binding to kinase activa- 
tion and highlights a new regulatory paradigm for 
phosphatase-kinase regulation through mutual 
packing of their catalytic sites. 

SnRK2s contain a Snfl-related kinase domain 
and a highly acidic C-terminal segment termed 
ABA box, which is important for their interac- 
tions with PP2Cs (Fig. 1B and fig. S1) (6, 7). To 
characterize SnRK2-PP2C interactions, we puri- 
fied the three SnRK2s (SnRK2.2, 2.3, and 2.6) 
and three PP2Cs (ABI, ABI2, and HAB1). As 
determined by AlphaScreen (PerkinElmer) assays 
(fig. S2), each of the three SnRK2s was able to 
bind to the three PP2Cs with half maximal inhibi- 
tory concentration (IC59) values of ~2 to 8 uM, in- 
dicating a relatively weak binding between SnRK2s 
and PP2Cs (Fig. 1, C and D). The binding of the 
SnRK2.6 ABA box alone is 10- to 15-fold weaker 
compared with that of full-length SnRK2.6 (Fig. 
1D), suggesting additional PP2C binding site(s) 
in SnRK2s. 

To obtain the structure of a SnaRK2-PP2C com- 
plex, we coexpressed and purified SnRK2s and 
PP2Cs in all nine combinations with an appar- 
ent 1:1 molar ratio, yet none of these complexes 
crystallized under any of the conditions tested. 
We hypothesized that the recalcitrance of these 
complexes to crystallization is due to their dy- 
namic flexibility arising from the high dissoci- 
ation rates associated with the low SnRK2-PP2C 
binding affinities. We therefore generated vari- 
ous SnRK2.6-HAB1 fusion proteins [SnRK2.6 
is the strongest PP2C binder among the SnRK2s 
(Fig. 1C)] in which SnRK2.6 and HAB1 were 
separated by flexible linkers of various lengths 
(see Materials and Methods). A SnRK2.6—-11 amino 


acid linker-HAB1 fusion protein produced poor- 
ly diffracting crystals under a number of different 
conditions. Introduction of two adjacent surface- 
entropy-reduction mutations (Asp””°—Ala””° and 
Glu?”’—Ala””’, fig. S1) into the SnRK2.6 moiety 
greatly improved the quality of crystals and al- 
lowed us to solve the structure of the SnRK2.6— 
HABI complex at a resolution of 2.6 A (structure 
statistics in table S1). Kinase activity was strong- 
ly inhibited in the fusion protein (fig. $3), and 
this inhibition was fully reversed in the pres- 
ence of ABA-bound PYL2 receptor (fig. S3), 
indicating that both SnRK2.6 and HAB1 were 
active and functionally interacted with each other 
in the context of the fusion protein. Moreover, 
hydrogen/deuterium exchange (HDX) protec- 
tion of this fusion protein was indistinguishable 
from that of a SnRK2.6-HAB1 complex formed 
with nonfused proteins (fig. S4), supporting that 
the fusion complex represents the functional com- 
plex formed by isolated proteins. 

The overall structure of the SnRK2.6-HAB1 
complex reveals a monomeric kinase-phosphatase 
complex with 1:1 stoichiometry (Fig. 2A). The 
salient feature of the SnRK2.6-HAB1 complex 
is the mutual packing of the kinase and phos- 
phatase active sites, which form the major bind- 
ing interface (Fig. 2A). SnRK2.6 contributes 
three separate regions within the kinase domain 
for binding to HAB1 (Fig. 2B). The first region 
is the SnRK2.6 activation loop, which is fully 
visible in the electron density map (fig. S5). This 
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Fig. 1. SnRK2—PP2C interactions. (A) Summary model for the 
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activation loop inserts deeply into the catalytic 
cleft of HAB1 and thus mimics the gate loop 
of ABA receptors in receptor-PP2C complexes 
(Fig. 2 and fig. S6A) (3, 9, 70). In this orientation, 
S175 from the activation loop is directed toward 
the catalytic site of HAB1, which is consistent 
with the fact that pS175 of SnRK2.6 is preferen- 
tially dephosphorylated by HAB1 when com- 
pared with pS29 (fig. S7). The second region is 
the kinase catalytic cleft near residues Arg’, 
Tle’, and Glu’ of SnRK2.6. This region mimics 
the cleft formed by the gate and latch regions 
of ABA receptors (3, 9, 10) and is occupied by 
the conserved ABA-sensing tryptophan [Trp** 
(W385) in HAB1] (fig. S6B). The third region 
is the SnRK2.6 aG helix, which binds to the 
HABI loop region adjacent to the W385-containing 
HABI PYL-interaction site (Fig. 2B). The exten- 
sive interactions between the catalytic sites of 
kinase and phosphatase suggest that their activ- 
ities have coevolved and are co-regulated. 

The kinase domain-PP2C interface largely over- 
laps with the ABA receptor binding interface of 
HABI (Fig. 2, C and D, and fig. S6). The HABI 
structure in the SnRK2.6-PP2C complex is near- 
ly identical to the HAB1 structure in the ABA 
receptor complex (root mean square deviation = 
0.6 A between the entire sets of Co: atoms of both 
HABI structures). We also solved the structures 
of the PP2C ABI2 in its apo state and as an 
ABI2-ABA-PYL2 complex (fig. $8). The PP2C 
components in these structures (apo PP2C, PP2C- 
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interactions between SnRK2, PP2C, and the ABA receptor PYR/ 


PYL/RCAR in ABA signaling. In the absence of ABA, PP2C binds to the SnRK2 kinase domain and 
inhibits the kinase activity by dephosphorylating the activation loop serine and blocking the catalytic 
cleft. In the presence of ABA, ABA-receptor complex binds to PP2C and inhibits PP2C’s catalytic activity 
by inserting the gate loop into the PP2C active cleft. PYL-mediated inhibition of PP2C allows activation 
of the kinase by activation loop autophosphorylation. The activated kinase then transmits the ABA 
signal by phosphorylating downstream factors. (B) Schematic presentation of the domain structure of 
SnRK2.6 with amino acid residue numbers shown on top. (C) Interactions of ABI1, ABI2, and HAB1 with 
SnRK2.2, 2.3, and 2.6. Binding of recombinant H6GST-SnRK2s to biotin-PP2Cs was determined by 
AlphaScreen assays (see fig. S2 and Materials and Methods). Error bars indicate SD (n = 3). (D) 
Inhibition of the interaction between H6GST-SnRK2.6 and biotin-HAB1 by untagged SnRK2s and 
SnRK2.6 ABA box peptide (amino acids 333 to 362). The ICso values were derived from curve 
fitting. Error bars indicate SD (n = 3). 
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ABA-teceptor, and PP2C-SnRK2) are all super- 
imposable, indicating that PP2Cs have a fairly 
rigid fold (fig. S9). ABA-bound receptors and 
SnRK2s have thus adopted remarkably similar 
surface features that enable them to dock into 
the rigid PP2C scaffold (Fig. 2C). Consistently, 
the PYL2 ABA receptor-HAB1 interaction can 
be inhibited by increasing concentrations of the 
SnRK2.6 kinase domain (fig. S10). The shared 
use of HAB1 W385 and its catalytic site by 
ABA receptors and SnRK2.6 thus provides a 
direct mechanism that links ABA binding to 
kinase activation. 

In addition to the kinase domain, SnRK2.6 in- 
teracts with PP2Cs via its highly acidic C-terminal 
ABA box (6, 7). However, we could not unam- 
biguously resolve the ABA box. Consistent with 
its lack of clear electron density, the ABA box 
was not protected against HDX upon HABI bind- 
ing (fig. S11). We hypothesized that this highly 
acidic ABA box (net charge: —14) should asso- 
ciate with a highly positive region of HAB1, 
which is at the proximity of the C terminus of 
SnRK2.6 (Fig. 3A and fig. S1). We therefore 
mutated all lysine and arginine residues within 
the positively charged HAB1 surface (Fig. 3A). 
Mutation of single residues within a tight cluster 
of six positively charged HAB1 surface amino 
acids disrupted interaction with the ABA box 
but had little effect on HAB1 catalytic activity 
(Fig. 3A and fig. S12), demonstrating that this 
region is critical for ABA box binding. On the 
other hand, alanine scanning mutagenesis of 
the SnRK2.6 ABA box identified many residues 


Fig. 2. Structures of A N 
the SnRK2.6-HAB1 com- 
plex. (A) A structure over- 
view. SnRK2.6 is shown 
in green, the activation 
loop in light blue, and the 
oG helix in light green. 
HAB11 is colored pink, and 
its PYL2-interaction loop 
orange. The two catalytic 
Mg** ions are presented 
as gray spheres, and three 
sulfate ions as_ball-stick 
models. (B) Details of the 
SnRK2.6-HAB1 interface 
with key residues shown in 
stick presentation. Single- 
letter abbreviations for the 
amino acid residues are 
as follows: A, Ala; D, Asp; 
E, Glu; F, Phe; |, Ile; K, 
Lys; L, Leu; N, Asn; Q, 
Gln; R, Arg; S, Ser; T, Thr; 
V, Val; W, Trp; and Y, Tyr. 
(C and D) Overlay of the 
interaction surfaces in 
the SnRK2.6-HAB1 and 
PYL2-ABA-HAB1 com- 
plexes. SnRK2.6 $175 and 


PYL-interaction 
loop 


activation loop 


important for HAB1 interaction, particularly the 
negatively charged residues (fig. S13). Together, 
these data suggest that ABA box—PP2C interac- 
tions are primarily mediated by charge interactions 
between the negatively charged ABA box and 
the positively charged PP2C surface. The ABA- 
box binding site in HAB1 is opposite of the ki- 
nase domain/ABA receptor binding site (Figs. 2A 
and 3A), consistent with the fact that ABA-box 
binding to PP2Cs is not affected by ABA or its 
receptors (fig. S14), further supporting the previ- 
ous model that the ABA box provides a constant 
interaction for SnRK2.6 with PP2Cs (2). 

The separation of the ABA box binding 
site from the kinase domain/ABA receptor bind- 
ing site in HAB1 suggests that the two sites 
function modularly. As shown in Fig. 3B, the 
Arg?’ Ala®? (R505A) mutation in HABI, 
which abolished the interaction between HAB1 
and the ABA box (fig. $12), did not significant- 
ly weaken the interaction of HAB1 with full- 
length SnRK2.6. Similarly, mutations designed 
to disrupt each of the three kinase domain- 
interaction regions of HAB1 have little effect on 
the HAB1-SnRK2.6 interaction (Fig. 3B). In 
contrast, combination of the R505A mutation, 
which disrupted the ABA box interaction (fig. 
S12), with any mutation in the three kinase- 
interaction sites completely abolished SnRK2.6 
binding (Fig. 3B). Together, these data further 
support that SnRK2.6 has two modular HAB1- 
binding sites. 

The purified SnRK2.6 is intrinsically active 
as a kinase toward itself or its physiological sub- 
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strate ABF2 and can be inactivated by PP2C 
(Fig. 4A). The SnRK2.6-HAB1 structure suggests 
a two-step mechanism by which HAB1 com- 
pletely inactivates SnRK2.6 (Fig. 4, A and B). 
The first step is mediated by the catalytic activity 
of HAB1, which dephosphorylates S175 from 
the activation loop, thus reducing SnRK2.6 ac- 
tivity to the basal level (Fig. 4C). The second step 
is the physical inhibition of the SnRK2.6 kinase 
domain by HAB1 (Fig. 4C). As shown in Fig. 
2, insertion of HAB1 W385 into the SnRK2.6 
catalytic cleft could physically block the access 
of substrate to the kinase active site, thus com- 
pletely blocking the kinase activity. We have val- 
idated this two-step mechanism by a series of 
biochemical and mutational experiments (Fig. 4, 
A and B, and fig. S15). In these experiments, we 
show that catalytically inactive HAB1 is still ca- 
pable of inhibiting SnRK2.6 (Fig. 4B and addi- 
tional controls in fig. S15), in agreement with the 
observation that catalytic activities of PP2Cs are 
not required to inhibit SnRK2.6 activity (17, 18). 
Taken together, these data demonstrate that HAB1 
inactivates SnRK2.6 by dephosphorylating S175 
in the activation loop and by physically blocking 
the SnRK2.6 active site. 

Our structural studies have revealed a molec- 
ular mimicry between ABA receptors and SnRK2 
kinases with respect to how they bind to PP2Cs. 
Both SnRK2.6 and ABA receptors use a similar 
gate-and-lock mechanism to recognize PP2Cs. 
Given the large number of PP2Cs and SnRK2s 
encoded by plant genomes, of which only re- 
stricted sets are involved in ABA signaling, the 
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SnRK2.6/HAB1 
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HAB1 W385 are shown in stick presentation, ABA in ball presentation, and the HAB1 Mg7* ions as spheres. 
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mutual recognition system of gate and lock likely 
ensures signal integrity by preventing the wrong 
players from being inappropriately regulated. The 
repeated use of gate-and-lock recognition as 
reported here thus provides a basis for the ex- 
quisite control of specificity in the ABA sig- 
naling network. 


The packing interactions between the cata- 
lytic active sites of SnRK2.6 and HAB1 may 
also have important implications in other kinase— 
phosphatase signaling systems. PP2Cs are known 
to interact and regulate mammalian adenosine 
monophosphate-activated kinases (AMPK) (9). 
Furthermore, the recent discovery that the catalyt- 
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Fig. 3. SnRK2.6 and HAB1 associate with each other via two modular interactions. (A) Charge-distribution 
surface of HAB1 in the HAB1-SnRK2.6 complex with an electrostatic scale from —1 to +1 ev, correspond- 
ing to red and blue colors. The positively charged residues required for ABA box interaction are labeled in 
red. (B) Mutational analysis of the HAB1-SnRK2.6 interaction by AlphaScreen luminescence proximity 
assay. Error bars indicate SD (n = 3). HAB1 mutant proteins are color-coded on the basis of the mutated 
regions that bind to SnRK2.6. Q384A/W385A/Q386A, which is the “lock” that inserts into both SnRK2.6 
and PYL2 ABA receptor, is colored in orange; V393R, which interacts with SnRK2.6 activation loop 
interaction, is in blue; Y404R, which binds to oG, is in green; R505A, which is required for ABA box 
interaction, is in red within gray boxes. 
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Fig. 4. Enzymatic and physical inhibition of SnRK2 activity by HAB1. (A) Inhibition of SnRK2.6 activity by 
HAB1. Increasing amounts of HAB1 were added to a kinase reaction with 5 uM SnRK2.6 and 1 uM of the 
SnRK2.6 substrate ABF2. At low concentrations, HAB1 inactivates SnRK2.6 catalytically (>50% kinase 
inhibition by HAB1 at a 100-fold molar excess of SnRK2.6). SnRK2.6 activity is only completely inhibited 
when HAB1 is at or above the molar amount of SnRK2.6. (B) Phosphatase activity of HAB1 is not required 
for its ability to inhibit SnRK2 kinase activity. Increasing amounts of the catalytically inactive HAB1 
mutant D492A were added to a kinase reaction with constant concentrations of SnRK2.6 and ABF2. (C) 
Cartoon model for the two-step mechanism of inhibition of SnRK2.6 activity by HAB1. The first step is that 
HAB1 catalytically dephosphorylates $175 in the activation loop, thus reducing SnRK2.6 activity to the 
basal level. The second step is that at stoichiometric levels HAB1 physically inhibits SnRK2.6 activity by 
blocking its catalytic cleft. 


ically inactive pseudophosphatases EGG-4 and 
EGG-5 recognize the activation loop of the auto- 
phosphorylating MBK-2 kinase and inhibit 
MBK-2 activity in the absence of any other pro- 
tein (20, 21) suggests that kinase inactivation 
by phosphatase as observed in the SnRK2.6- 
HAB1 complex may represent a widespread 
mechanism for phosphatase-kinase regulation. 
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Equilibrative Nucleoside Transporter 3 
Deficiency Perturbs Lysosome Function 
and Macrophage Homeostasis 


Chia-Lin Hsu, Weiyu Lin, Dhaya Seshasayee,? Yung-Hsiang Chen,” Xiao Ding,” Zhonghua Lin,? 
Eric Suto,? Zhiyu Huang,” Wyne P. Lee,? Hyunjoo Park,? Min Xu,> Mei Sun,* Linda Rangell,* 

Jeff L. Lutman,° Sheila Ulufatu,* Eric Stefanich,” Cecile Chalouni,* Meredith Sagolla,* Lauri Diehl,” 
Paul Fielder,> Brian Dean, Mercedesz Balazs,? Flavius Martin?* 


Lysosomal storage diseases (LSDs) are a group of heterogeneous disorders caused by defects in 
lysosomal enzymes or transporters, resulting in accumulation of undegraded macromolecules or 
metabolites. Macrophage numbers are expanded in several LSDs, leading to histiocytosis of 
unknown pathophysiology. Here, we found that mice lacking the equilibrative nucleoside 
transporter 3 (ENT3) developed a spontaneous and progressive macrophage-dominated 
histiocytosis. In the absence of ENT3, defective apoptotic cell clearance led to lysosomal nucleoside 
buildup, elevated intralysosomal pH, and altered macrophage function. The macrophage 
accumulation was partly due to increased macrophage colony-stimulating factor and receptor 
expression and signaling secondary to the lysosomal defects. These studies suggest a cellular and 
molecular basis for the development of histiocytosis in several human syndromes associated 


with ENT3 mutations and potentially other LSDs. 


ematopoietic cells lack de novo nucleo- 
H«« generation and thus rely on mem- 
brane transporters to acquire nucleosides 
required for DNA and RNA synthesis, signal 
transduction, and adenosine 5'-triphosphate pro- 
duction. Transmembrane equilibrative and con- 
centrative nucleoside transporters (ENTs and 
CNTs) carry nucleosides and cytotoxic nucleo- 
side analogs across membranes (/, 2). The major 
source of nucleoside recycling is the degradation 
of nucleic acids, which is largely accomplished 
by histiocytes, the tissue macrophages. Macro- 
phages are highly phagocytic cells of the immune 
system, which take up and degrade cellular debris 
within lysosomes (3). Although nucleoside up- 
take from the periphery by nucleoside transport- 
ers is well characterized (4), little is known about 
how nucleosides are exported from lysosomes 
where nucleic acid degradation occurs. In addi- 
tion to substrate breakdown, lysosomes also 
participate in cellular function and metabolism 
(5). Patients with genetic defects in lysosomal 
hydrolyzing enzymes or transporters accumulate 
pathway metabolites that manifest in a variety of 
lysosomal storage diseases (LSDs) (6-8). 
Because macrophages phagocytose and de- 
grade the majority of dying cells and their nucleic 
acids, we hypothesized that a specific transporter 
(or transporters) equilibrating nucleosides out of 
lysosomes should be enriched in macrophages to 
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facilitate nucleoside recycling. A quantitative poly- 
merase chain reaction survey of the ENTs in im- 
mune cells showed the highest expression of ENT3 
in macrophages (fig. $1). To investigate the roles of 
ENT3 in nucleoside transport, we generated ENT3 
knockout (ENT3‘~) mice (9) (fig. S2). 

ENT3 ‘~ mice developed spontaneous lymph- 
adenopathy and splenomegaly by 8 weeks of age 
(Fig. 1, A and B) and had a significantly shorter 
life span compared to littermates (Fig. 1C). To 
investigate if any immune cell population was 
altered early in life, we examined 3-week-old 
animals and observed that the number of splenic 
macrophages was significantly increased in ENT3 
compared to littermates (Fig. 1D and fig. S3). In 
contrast, no differences in splenic T and B cell 
numbers were found. Thus, ENT3 deficiency af- 
fects macrophage development and/or prolifera- 
tion. Macrophage infiltration was observed in 
multiple organs of ENT3 ‘mice, including spleen, 
liver, pancreas, intestine; exacerbated as animals 
aged (Fig. 1E and fig. S3); and progressed to 
histiocytic sarcoma in mice examined when 
moribund (fig. S4). To explore the mechanisms 
contributing to macrophage accumulation in 
ENT3~ mice, we examined macrophage apopto- 
sis, proliferation, and cell surface activation mark- 
ers. The frequency of macrophages that stained 
positive for TUNEL (terminal deoxynucleotidyl 
transferase-mediated deoxyuridine triphosphate 
nick end labeling) was similar between wild-type 
and ENT3~ mice, with increased absolute num- 
bers of TUNEL” ENT3* macrophages (Fig. 1F). 
Cycling 5-bromo-2’-deoxyuridine-positive (BrdU’) 
splenic macrophages were significantly increased 
in both frequency and numbers, indicating active 
cycling as well as extramedullary myelopoiesis 
in ENT3~ mice (Fig. 1G and fig. $5). However, 
ENT3 “ mice had normal basal concentrations of 
inflammatory serum cytokines and their splenic ma- 
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crophages had normal surface activation markers 
(figs. S6 and S7), suggesting that myelopoiesis 
was not caused by an acute inflammatory response. 
Furthermore, macrophage expansion was recapitu- 
lated in normal irradiated recipients transplanted 
with ENT3 ‘ bone marrow cells, suggesting that 
hematopoietic cell defects contributed to the en- 
hanced myelopoiesis (Fig. 1H and fig. S3D). 

We hypothesized that ENT3 is the nucleoside 
transporter crucial for lysosomal nucleoside ex- 
port and its absence may affect the late endosomal- 
lysosomal system. ENT3 “~ splenic macrophages 
had increased numbers of lysosomal-associated 
membrane protein 1 (lamp-1)" vesicles (Fig. 2A 
and fig. S8). Furthermore, electron microscopy 
(Fig. 2A) showed that ENT3 ~~ macrophage 
lysosomes were enlarged in size and contained 
undigested materials (Fig. 2B), accompanied 
with elevated intralysosomal pH (Fig. 2C). Thus, 
ENT3 deficiency causes lysosomal abnormalities 
in macrophages. To dissociate in vivo macrophage 
developmental abnormalities caused by ENT3 
deficiency from functional defects, we used bone 
marrow-derived macrophage (BMDM) cultures 
for phenotypic and functional analyses. ENT3 
and wild-type BMDMs had comparable surface 
marker phenotypes and lipopolysaccharide-induced 
cytokine responses, suggesting that ENT3 ” BMDMs 
were developmentally normal with respect to these 
parameters (fig. S9). We then examined phagocy- 
tosis, phagosome-lysosome fusion, and degrada- 
tion of engulfed materials in BMDMs. By tracking 
fluorescently labeled bacteria, we found no sig- 
nificant impairment of phagocytosis or phagosome- 
lysosome fusion (fig. S10) in ENT3 ’~ BMDMs. 
However, when the BMDMs were incubated with 
apoptotic thymocytes or challenged with live 
bacteria to mimic in vivo macrophage functions, 
ENT3 ’ BMDMs showed both delayed degra- 
dation of apoptotic thymocytes (Fig. 2D and fig. 
S10D) and bacterial killing (Fig. 2E), implying 
defects in lysosomal functions. To examine the in 
vivo functional consequences of ENT3 ’~ macro- 
phage lysosomal perturbations, we challenged 
mice with lethal doses of Listeria monocytogenes. 
ENT3~ animals succumbed to L. monocytogenes 
infection significantly earlier compared to wild- 
type littermates (Fig. 2F). In addition, pathogen 
load was significantly increased in spleen, liver, 
and kidney of infected ENT3’~ mice (fig. S10E). 
Thus, ENT3 ‘~ macrophages appear to have dys- 
functional lysosomes incapable of normal cellu- 
lar functions and overall defense. 

The observations of ENT3 ’ macrophage ly- 
sosomal abnormalities prompted us to hypothesize 
that perturbed nucleoside trafficking causes lyso- 
somal defects in ENT3 ‘~ macrophages, as seen in 
other LSDs (/0, 1/). Adenosine, a representative 
nucleoside, accumulated in whole-cell extracts and 
purified lysosomes derived from ex vivo splenic 
ENT3“~ macrophages (Fig. 3, A and B), sug- 
gesting that lack of ENT3 impairs lysosomal 
nucleoside export. To examine the cause of this 
phenomenon in ENT3” macrophages, we per- 
formed kinetic studies in BMDMs. Adenosine 
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concentrations were similar between ENT3 ’~ and 
littermate BMDMs before stimulation; however, 
upon challenge with exogenous apoptotic thymo- 
cytes, accumulation of adenosine was observed in 
ENT3 ‘" BMDM whole-cell extracts (Fig. 3C) 
and purified lysosomal fraction (fig. S11). Intra- 
cellular nucleoside homeostasis could be restored 


Fig. 1. ENT3 deficiency 
leads to histiocytosis. Pho- 
tographs of 8-week-old ingui- 
nal and mesenteric lymph 
nodes (A) and spleen (B). 
(©) Life span of ENT3~ and 
wild-type littermates (n = 
30). (D) Splenic cellularity 
of 3-week-old mice (n = 4). 
(E) Spleen immunohistochem- 
istry (F4/80 antibody stain- 
ing). (F) Splenic macrophages 
undergoing apoptosis were 
analyzed by flow-cytometry 
(left) and quantified (right). E 
(G) Proliferation of splenic 
macrophages was examined 
by flow cytometry (left) and 
quantified (right) (n = 5). 
(H) Splenic macrophages in 
radiation bone marrow chi- 
meras of ENT3~ and wild- 


in ENT3  BMDMs retrovirally reconstituted with 
wild-type mouse and human ENT3 (Fig. 3, D 
and E), but not by the human ENT3 mutant 427S 
identified in H syndrome patients (/2) (Fig. 3E). 
Excessive lysosomal nucleosides could compete 
for free protons within the lysosome and lead to 
their alkalization (13). Indeed, coincident with 


type littermates (n = 3 to 5). 
**P < 0.05, ***P < 0.001 
(unpaired two-tailed tf test); 
n.s., no significant difference. 
Error bars represent SEM. 


Fig. 2. ENT3 deficiency causes 
morphological and function- 
al changes in macrophages. 
(A) (Left) Ex vivo splenic mac- 
rophages show increased lamp1 
expression (green) and (right) 
electron microscopy showing un- 
digested materials in ENT3 
splenic macrophage lysosomes 
(red arrowheads). (B) Lysosome 
diameters. (C) Intralysosomal 
pH in splenic macrophages 
(n = 17 individual cells; rep- 
resentative of three independent D 
experiments). (D) Processing 
of engulfed apoptotic thymo- 
cytes in BMDMs (24 hours). (E) 
In vitro bacterial killing assay of 
Escherichia coli with BMDMs. 
(F) Listeria monocytogenes— 
induced mortality (2 x 10° CFU, 
given intravenously) in wild-type 
littermates and ENT3* animals 
(n = 10). Statistics were done by 
unpaired t test or Mantel-Cox 
test. **P < 0.05, ***P < 0.001; 
n.s., no significant difference. 
Error bars represent SEM. 
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adenosine accumulation, ENT3 ~ BMDMsas well 
as human ENT3-mutant 427S—expressing BMDMs 
challenged with apoptotic thymocytes had elevated 
intralysosomal pH (Fig. 3F and fig. $12). Thus, 
in the absence of ENT3, excess accumulation of 
nucleosides in lysosomes led to perturbed lyso- 
somal functions and homeostasis of macrophages. 
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Next, we investigated pathways that could 
drive ENT3“~ myeloproliferation and looked for 
perturbations in macrophage growth factor levels 
or their cognate receptors. Surface expression of 
macrophage colony-stimulating factor receptor 
(M-CSER) was significantly higher in ENT3 “ 
splenic macrophages (Fig. 4A), whereas levels of 
the B-chain subunit of granulocyte-macrophage 
colony-stimulating factor (GM-CSFR) and fms- 
like tyrosine kinase receptor-3 (FIt3) were com- 
parable to those of wild-type macrophages (fig. 
$13). In addition, ENT3~ mice had elevated serum 
concentrations of M-CSF, although G-CSF, FIB3L, 
and IL-34 serum concentrations were normal (Fig. 
4B and fig. $13). The high levels of M-CSF and its 
cognate receptor were accompanied by increased 
signaling through M-CSFR indicated by the 
phosphorylation status of Y723 of M-CSFR (/4) 
in ENT3~ macrophages (fig. $14). The higher 
M-CSF concentration was not due to increased 
production of M-CSF by ENT3~ splenic and bone 
marrow stromal cells or macrophages (fig. S15), 
but more likely a result of defective M-CSF clear- 
ance (fig. S16). M-CSFR transcription was also 
similar between splenic ENT3’ and wild-type 
macrophages (fig. S17), suggesting a posttrans- 
lational alteration of M-CSFR in ENT3“ mice. 

To assess the contribution of elevated M-CSF/M- 
CSFR axis to the accumulation of macrophages in 
ENT3” mice, we blocked this pathway using a neu- 
tralizing antibody against M-CSF (anti-M-CSF). 
After 4 or 24 weeks of treatment, ENT3~ mice 
had 50% fewer splenic macrophages compared 
to the isotype control antibody-treated group (Fig. 
4C and figs. S18 and $19). Anti-M-CSF treatment 
in ENT3~ mice also resulted in lower granulocyte 
and macrophage CFU numbers but not Ki67* 


cycling splenic macrophages (figs. S18 and S19), 
suggesting that the M-CSF/M-CSER axis partic- 
ipates in myeloproliferation primarily through 
enhanced extramedullary myelopoiesis. In addi- 
tion, ENT3~ splenic macrophages had elevated 
and sustained M-CSFR expression even after 
anti-M-CSF treatment (fig. S18), supporting the 
hypothesis that ENT3 macrophages have a 
posttranslational modification of M-CSFR that is 
independent of ligand engagement. M-CSF block- 
ade did not alter the mortality seen in ENT3~ 
mice (fig. S19), suggesting that the residual his- 
tiocytosis and mortality involve factors beyond 
surveyed myeloid growth factors (fig. S13). 

To understand why M-CSF blockade rescued 
only partially the ENT3‘~ histiocytosis pheno- 
type, we investigated factors that may be affected 
by impaired macrophage functions and found 
accumulation of apoptotic cells in the spleen after 
anti-M-CSF treatment (fig. S19). Because exog- 
enous apoptotic cell burden induces lysosomal 
dysfunctions in the ENT3~ macrophages (Fig. 
3, C and F), we asked if its removal could prevent 
histiocytosis. In mixed bone marrow chimeras, 
the presence of wild-type bone marrow cells alle- 
viated the macrophage expansion phenotype and 
removed apoptotic cells in a dose-dependent 
manner (Fig. 4D and fig. S20). Furthermore, the 
M-CSER surface expression on ENT3~ macro- 
phages reverted to normal in the presence of ENT3- 
competent cells (Fig. 4E). To examine whether 
the exogenous nucleic acid pressure directly af- 
fects M-CSFR turnover, we stressed BMDMs 
with apoptotic thymocytes and found that surface 
expression of M-CSFR was increased in ENT3 ~ 
compared with wild-type BMDMs (Fig. 4F and 
fig. S21). Moreover, ligand-induced M-CSFR en- 
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docytosis appear similar between wild-type and 
ENT3* BMDMs (fig. S22). Thus, the dysregulation 
of M-CSFR turnover in ENT3~ cells is ligand- 
independent and a consequence of exogenous nu- 
cleic acid pressure. Because the down-regulation 
of M-CSFR and termination of M-CSF/M-CSFR 
signaling rely ultimately on lysosomal degradation 
(15, 16), we examined whether lysosomal alkali- 
zation can explain the M-CSFR dysregulation in 
ENT3 “animals. By treating wild-type BMDM 
with bafilomycin, a lysosomal pH-altering agent, 
we found that lysosomal alkalization leads to 
higher surface expression and less degradation of 
M-CSFR (Fig. 4, G and H). These data provide a 
causative link between lysosomal nucleoside accu- 
mulation and alkalization to dysregulated M-CSFR 
turnover and signaling. 

Here, we have identified ENT3 as an essential 
transmembrane transporter to maintain lysosome 
integrity by regulating nucleoside trafficking. 
ENT3 deficiency, through defects in the lyso- 
somal system, caused ineffective apoptotic cell 
clearance and increased M-CSF signaling that 
contribute to elevated numbers of macrophages 
and histiocytosis. Loss-of-function human ENT3 
mutants have recently been associated with fa- 
milial Rosai-Dorfiman disease, Faisalabad histio- 
cytosis, H syndrome, and pigmented hypertrichosis 
with insulin-dependent diabetes (12, 17-21), dis- 
eases that in some cases have lymphadenopathy, 
splenomegaly, and increased infiltration of macro- 
phages in various immune and nonimmune organs. 
Our findings provide the cellular and molecular 
mechanism for the histiocytosis seen in these pa- 
tients and potentially other LSDs. We can envisage 
that this mechanism, resulting in impaired dead 
cell removal and M-CSF/M-CSFR dysfunction 
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Fig. 4. Altered M-CSF/M-CSF receptor axis contributes to the myelopro- 
liferative phenotype in ENT3~” animals. (A) Surface expression of M-CSFR on 
splenic macrophages. (B) Serum concentrations of M-CSF (12 weeks, n = 5). 
(C) Splenic macrophage numbers after 4 weeks of treatment with neutralizing 
anti—M-CSF or control antibodies (n = 5). Number of splenic macrophages (D) 
and quantification of surface M-CSFR (E) in wild-type-ENT3~ mixed bone 
marrow chimera mice (n = 3 to 5 per group). Decrease in average M-CSFR 


surface expression occurs in ENT3” macrophages. (F) M-CSFR surface 
expression on BMDMs upon apoptotic thymocyte challenge (72 hours, n = 3). 
(G) Immunoblot analysis (left) and quantification (right) of M-CSFR turnover 
on wild-type BMDMs after bafilomycin treatment. (H) Flow cytometric analysis 
of surface M-CSFR turnover with bafilomycin treatment (n = 3). P values were 
determined by unpaired t test. **P < 0.05, ***P < 0.001; n.s., no significant 
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Dystroglycan Function Requires 
Xylosyl- and Glucuronyltransferase 


Activities of LARGE 


Kei-ichiro Inamori,** Takako Yoshida-Moriguchi,”* Yuji Hara,” Mary E. Anderson,* 


Liping Yu,” Kevin P. Campbell*+ 


Posttranslational modification of alpha-dystroglycan (a-DG) by the like-acetylglucosaminyltransferase 
(LARGE) is required for it to function as an extracellular matrix (ECM) receptor. Mutations in the 
LARGE gene have been identified in congenital muscular dystrophy patients with brain 
abnormalities. However, the precise function of LARGE remains unclear. Here we found that 
LARGE could act as a bifunctional glycosyltransferase, with both xylosyltransferase and 
glucuronyltransferase activities, which produced repeating units of [-3-xylose—o.1,3-glucuronic acid-81-]. 
This modification allowed o-DG to bind laminin-G domain—containing ECM ligands. 


mining cellular localization, modulating 
structural conformation, and providing rec- 
ognition sites for other molecules (/). Dystro- 
glycan (DG) is a highly glycosylated basement 
membrane receptor involved in a variety of phys- 
iological processes that maintain skeletal muscle 


P= glycosylation is important in deter- 
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Fig. 1. Xylosylation is required for functional mod- 
ification of o-DG. (A) Compositional sugar anal- 
ysis by gas chromatography-MS with trimethylsilyl 
derivatization using o-DG produced by LARGE- 
overexpressing HEK293 cells digested with peptide: 
N-glycosidase F, O-glycosidase, and neuraminidase. 
Peaks shown in red represent Xyl, those in blue rep- 
resent GlcA, and numbers indicate 1, Man; 2, Gal; 3, 
Glc; 4, GlcNAc; 5, GalNAc; and 6, inositol (internal 
control). Some of the detected Gal was derived from 
the Jacalin elution buffer we used for the purification. 
(B) Flow cytometry of WT or UXS1-deficient (pgsl-208) 
CHO cells surface stained with antibodies against the 
laminin-binding epitope of a-DG (IIH6), the o-DG 
core protein (CORE), or heparan sulfate (HS). Dashed 
line, secondary antibody alone. (C) Functional modi- 
fication of o-DG in cells overexpressing UXS1. (Left) 
Immunoblotting or laminin overlay (OL) assays of glyco- 
proteins. Mr, relative molecular mass. Asterisk indicates 
nonfunctional o-DG that appeared as a sharp band 
because of hypomodification by CORE staining. (Right) 
Flow cytometry for surface staining with HS or IIH6. (D) 
Immunoblotting for IIH6 and B-DG-specific antibody 
reactivity in WT and pgsl-208 cells with or without 
overexpression of LARGE. (E) Immunoblotting for IIH6, 
CORE, or B-DG—specific antibody reactivity in LARGE- 


expressing WT cells treated with or without Xyl-o.-pNP. 


membrane integrity, as well as central nervous 
system structure and function; it also serves as a 
receptor for Old World arenaviruses. Composed 
of acell surface a subunit and a transmembrane 
B subunit (2), a-DG acts as a receptor for laminin-G 
domain-containing extracellular matrix (ECM) 
proteins such as laminin, agrin, and neurexin (3). 
a-DG undergoes N-glycosylation, mucin-type 
O-glycosylation, and O-mannosylation, and a yet- 
to-be identified modification of a phosphorylated 
O-mannosy]l glycan is believed to be responsible 
for ligand binding (4). Perturbed glycosylation 
can lead to reduced ligand binding by a-DG and 
is acommon pathologic feature among several 
congenital and limb-girdle muscular dystrophies. 
Mutations in the LARGE gene (5) and several 
others involved in O-mannosyl glycan synthesis 
have been identified in these disorders (6). The 
overexpression of LARGE enhances functional 


modification of o-DG, as well as laminin binding 
in cultured cells (7). Moreover, it circumvents 
defects in the modification of a-DG in cells from 
patients with several genetically distinct types of 
congenital muscular dystrophies (8). Although 
LARGE has been implicated in the postphos- 
phoryl modification pathway that assembles the 
laminin-binding moiety onto the phosphorylated 
O-mannose of a-DG, its molecular role and the 
laminin binding epitope remain to be identified. 

We investigated the LARGE-dependent mod- 
ification on a-DG by performing compositional 
sugar analysis of the recombinant o-DG produced 
in LARGE-expressing human embryonic kidney 
(HEK) 293 cells (fig. S1). Samples were treated 
with glycosidases to eliminate glycans unrelated 
to the laminin-binding moiety (4). We detected: 
(i) known compositional sugars of the o-DG O- 
mannosyl glycan—specifically -acetylglucosamine 
(GIcNAc), galactose (Gal), A-acetylgalactosamine 
(GalNAc), and mannose (Man) (4); (ii) glucose 
(Glc), which was likely a contaminant; and (iii) 
substantial amounts of glucuronic acid (GlcA) 
and xylose (Xyl) (Fig. 1A). GlcA and Xyl are 
essential components of heparan sulfate (HS) 
and chondroitin-dermatan sulfate (CS-DS) gly- 
cosaminoglycans (GAGs), whose biosynthesis is 
initiated by linkage of tetrasaccharide GlcAB1- 
3GalB 1-3Galf1-4Xy1B 1- to proteoglycan core pro- 
teins. Notably, GAGs are not required for o-DG 
to bind laminin (9, /0) (fig. S2). 

We tested whether xylosylation unrelated to 
GAG formation is involved in functional modi- 
fication of a.-DG by assessing uridine 5'-diphosphate 
(UDP)-xylose synthase 1 (UXS1)-deficient Chi- 
nese hamster ovary (CHO) cells (line pgsI-208), 
which are deficient in GAG synthesis because they 
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lack UDP-Xyl (//). Immunoblotting with ITH6 
(an antibody that recognizes the laminin-binding 
form of a-DG), laminin overlay of wheat germ 
agglutinin—enriched proteins (glycoproteins), and 
flow cytometric analysis revealed that these cells 
were defective in synthesis of the functional mod- 
ification of a-DG (Fig. 1, B and C). Ectopic expres- 
sion of UXS1 in pgsI-208 cells rescued HS-GAG 
synthesis, as well as the ITH6 reactivity and 
laminin-binding ability of a-DG (Fig. 1C). In con- 
trast, overexpression of LARGE in these cells 
did not overcome the defect (Fig. 1D). Thus, 
xylosylation may be required for formation of 
the acceptor substrate on which LARGE acts, 
and/or LARGE itself may be involved in the 
transfer of Xyl to a-DG. Xylosides with hydro- 
phobic moieties that help penetrate lipid bilayers 
are widely used to inhibit certain glycosyltrans- 
ferases acting on Xyl, because they serve as arti- 
ficial acceptors (/2). Given that one of the two 
domains of LARGE belongs to glycosyltransfer- 
ase family 8 (GT8), whose members generate 
products with an a-linked glycosidic bond (/3), 
we tested a-p-xyloside for the ability to inhibit 
functional modification of a-DG. Indeed, treat- 


ment of LARGE-expressing CHO cells with 
p-nitrophenyl-a-p-xyloside (Xyl-a-pNP) reduced 
a-DG glycosylation (Fig. 1E). Thus xyloside may 
compete against endogenous a-DG bearing an 
a-linked Xyl for LARGE-dependent modification. 

Next, we examined the enzymatic activity of 
LARGE with respect to Xyl-a-pNP as the ac- 
ceptor, using a secreted form of LARGE that 
lacks its transmembrane domain (LARGEdTM). 
Purified LARGEdTM (fig. S3) was incubated 
with Xyl-o-pNP and each donor substrate, and 
the reaction products were separated by high- 
performance liquid chromatography (HPLC). A 
unique peak was detected only when UDP-GlcA 
was used as the donor (Fig. 2A for UDP-GlcA 
and fig. S4 for other donors). This activity was 
specific to a-linked Xyl (fig. S5). We purified the 
product (fig. S6) and analyzed it by mass spec- 
trometry (MS). The MS/MS fragmentation pat- 
tern of a parent ion at mass/charge ratio, m/z, of 
446.25 [M-H] demonstrated that GlcA was at- 
tached to Xyl-a-pNP (Fig. 2B and fig. S7). Be- 
cause LARGE showed glucuronyltransferase 
(GlcA-T) activity toward o-linked Xyl and has 
two glycosyltransferase-like domains, we hy- 
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pothesized that it could also act on a nonreducing 
terminal GlcA. When 4-methylumbelliferyl-B-p- 
glucuronide (GlcA-B-MU) was used as an ac- 
ceptor, a unique peak was observed only with 
UDP-Xyl (Fig. 2C for UDP-Xy]l and fig. S8 for 
other donors); the attachment of Xyl to GlcA-B- 
MU was confirmed by MS (Fig. 2D and fig. S9). 

Because mutations in the LARGE Asp-X- 
Asp (DXD; X, any amino acid) motifs (Fig. 2E), 
which are highly conserved across glycosyltrans- 
ferases, lead to failed functional modification of 
a-DG (/4), we generated constructs with such 
mutations for further testing of LARGE glyco- 
syltransferase activity. In the case of the DXD1 
mutant in which Asn replaces Asp at two sites 
(D242N/D244N), GlcA-T activity was comparable 
to that in wild type (WT), whereas Xyl-T activity 
was undetectable (Fig. 2F). In the DXD3 mutant 
D563N/D565N, in contrast, Xyl-T activity, but 
not GlcA-T activity, was present (Fig. 2F). Thus, 
LARGE is a bifunctional glycosyltransferase com- 
posed of two distinct catalytic domains, Xyl-T 
and GlcA-T. 

Negatively charged oligosaccharides likely 
contribute to binding between o-DG and laminin 
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Fig. 2. LARGE is a bifunctional glycosyltransferase that has Xyl-T and GlcA-T 
activities. (A) HPLC elution profile from the amide column GlycoSep N of the 
products obtained from the reaction of LARGEdTM with Xyl-o-pNP and UDP- 
GlcA. S, unreacted substrate. P, product. (B) Linear trap quadrupole (LTQ)—MS 


analysis of the product peak detected in (A). Stars and diamonds indicate Xyl 


and GlcA, respectively. MS/MS fragmentation pattern (fig. $7) confirmed that 
the ion with m/z of 446.3 [M-H]_ is Xyl-o-pNP with an added GlcA. (C) HPLC elution profile from GlycoSep N of the products obtained from the reaction of 
LARGEdTM with GlcA-B-MU and UDP-Xyl. (D) As in the legend to (B), for the product isolated from the reaction analyzed in (C). The MS/MS fragmentation pattern 
(fig. S9) confirmed that the ion with m/z of 483.3 [M-H]- is GlcA-B-MU with an added Xyl. Asterisks indicate background ions. (E) Schematic representation of the 
WT and DXD mutants of LARGEdTM constructs used in the assay. The locations of the mutations in the DXD motifs are symbolized by stars. (F) GlcA-T and Xyl-T 
activities of WT and mutant LARGEdTMs. Relative activity (%) with respect to WT, and the standard deviation in triplicate experiments, are shown. TM, 
transmembrane domain. CC, coiled-coil domain. N.D., not detected. 
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LARGEdTM, with or without UDP-GlcA and UDP-Xyl, and analyzed by immunoblotting with 
IIH6 or the CORE antibody, or by overlay assays (OLs) using laminin-G domain—containing 


ECM ligands (laminin, agrin, or neurexin). 


OL OL 


6 JANUARY 2012 VOL 335 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on January 5, 2012 


REPORTS 


A Cc pse__ Po tiple quantum coherence spectroscopy (HMQC), 
b4 a4 total correlation spectroscopy (TOCSY), and 
ci) 70 

2 a2beiredco rotating-frame Overhauser effect spectroscopy 
3 | wins ae (ROESY) spectra for dp5 are shown in Fig. 4, C 
s E 80 aS° Pes és to E, respectively. The majority of the spin sys- 
iz 7 b34 g3ts tems of the sugar residues can be traced and 
¥ 99 assigned using different TOCSY mixing times 
Ba =e together with double-quantum filtered correlated 
B as bt dt a4 spectroscopy (COSY) spectra (Fig. 4D and fig. 
ee oe cl 94 Sl 1). GlcA residues c and e were linked via B1-3 
20 _ - _ - linkages to Xyl residues b and d, respectively 
ua 1H (ppm) (Fig. 4E); and Xyl residues b and d were con- 
Sp eHT/eH5 eH Ter gh TeH4 oui nected to GicA residues aand c via o1-3 linkages, 
0.0 = Ht eno CH respectively (Fig. 4), The structures of products 
20 ; ae jegael| | | | dp2 to dp6 are shown in Fig. 4F; complete NVR 
=e oar aHi/aH3\ |! | | assignments are listed in table S1. The fact that 
s aH1/ at ml | | the glycosidic linkages were preserved among all 
£ 0.0; ; eb Pe feo {—————— aH1 tested products indicates that LARGE is a polym- 
p18 f? He | -AH1  erizing enzyme with UDP-GlcA:oXyl B1,3-GlcA-T 

= 1.0 ; ij} and UDP-Xyl:BGIcA a1,3-Xyl-T activities. 
0.5 Eee 2 le & onan -2H1 Here, we have identified the enzymatic func- 
0.0 cH1/bH3 cH1/cH5| CH1/cH3 tion of LARGE, which produces a polysaccharide 
0.4 | with repeating units of [-3Xyl-o1,3GlcAB1-]. We 
os aHi/aHS ahi jada believe that LARGE synthesizes the polymer on 
i -aHi __ the O-mannosy] glycan of a-DG in vivo, but can 
oc =H possibly act on other glycans and/or other protein 
substrates when the enzyme concentration is ar- 


ie eee, ae tificially high. a-DG binds the LG4 and 5 do- 
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HOF COQH 4 HOF SN Gogh Pacey net teractions (18). The LARGE-synthesized, nega- 
bo coy oo tively charged glycan on a-DG likely binds to 
f e qd c dp6 = laminin through electrostatic associations with 
dp5 these basic patches, a notion supported by the 
dp4 fact that one patch, 2719RKR contributes to bind- 
dp3 ing with heparin, which contains acidic sugars 
dp2 GlcA and iduronic acid. The glycan we have ob- 


served resembles heparin-HS— and CS-DS-GAGs, 
linear polysaccharides that consist of repeating 
disaccharides and are synthesized by copolymer- 
ases with dual glycosyltransferase activities. Our 
findings may extend the types of GAG that pro- 
vide a platform to retain molecules onto cell sur- 
face and/or in the ECM. 


Fig. 4. MS and NMR analyses of products obtained from in vitro LARGE enzymatic reaction products, 
using GlcA-B-MU as the acceptor and UDP-GlcA and UDP-Xyl as the donors. (A) Separation profile of 
polymeric oligosaccharide by Superdex Peptide 10/300. S, unreacted substrate. (B) Matrix-assisted laser 
desorption—ionization tandem MS analysis of products dp3 to dp6. (C) HMQC spectrum of dp5 at 15°C. 
Assigned cross peaks are labeled with a letter representing the subunit [as designated in (F)], and a 
number representing the position on that subunit. The cross peak derived from sample impurities is 
marked by an asterisk. (D) TOCSY spectrum of dp5, collected with a mixing time of 120 ms at 15°C. 
(E) ROESY spectrum of dp5, collected with a mixing time of 300 ms at 15°C for the assignment of 
interglycosidic linkages (indicated by blue circles). The first letter in each label refers to the sugar subunit 
and the second to the hydrogen position of that subunit. (F) Structures of the polymeric oligosaccharides 1 
produced by the LARGE enzymatic reaction in vitro, with the sugar subunits labeled a to f. 
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RNA Elimination Machinery Targeting 
Meiotic mRNAs Promotes Facultative 
Heterochromatin Formation 


Martin Zofall, Soichiro Yamanaka, Francisca E. Reyes-Turcu, Ke Zhang, 


Chanan Rubin,* Shiv I. S. Grewalt 


Facultative heterochromatin that changes during cellular differentiation coordinates regulated 
gene expression, but its assembly is poorly understood. Here, we describe facultative 
heterochromatin islands in fission yeast and show that their formation at meiotic genes 
requires factors that eliminate meiotic messenger RNAs (mRNAs) during vegetative growth. 
Blocking production of meiotic mRNA or loss of RNA elimination factors, including Mmi1 
and Red1 proteins, abolishes heterochromatin islands. RNA elimination machinery is 
enriched at meiotic loci and interacts with Clr4/SUV39h, a methyltransferase involved in 
heterochromatin assembly. Heterochromatin islands disassemble in response to nutritional 
signals that induce sexual differentiation. This process involves the antisilencing factor 
Epe1, the loss of which causes dramatic increase in heterochromatic loci. Our analyses 
uncover unexpected regulatory roles for mRNA-processing factors that assemble dynamic 


heterochromatin to modulate gene expression. 


eterochromatin assembly is critical for 
Here chromosomal processes (/—3). 

In fission yeast (Schizosaccharomyces 
pombe), noncoding RNAs (ncRNAs) and RNA 
interference (RNAi) factors implicated in pro- 
cessing ncRNAs facilitate loading of Clr4/Suv39h 
to assemble constitutive heterochromatin do- 
mains (4, 5). Clr4 methylates histone H3 lysine 9 
(H3K9me) to create binding sites for chromo- 
domain proteins, including the Chp1 subunit of 
the Agol-containing RNA-induced transcription- 
al gene silencing (RITS) complex, as well as HP1 
family proteins Swi6 and Chp2, which associate 
with chromatin modifiers, including Snf2—histone 
deacetylase repressor complex (SHREC) involved 
in transcriptional silencing (3). 

Apart from constitutive heterochromatin do- 
mains at centromeres, subtelomeres, and mating- 
type locus, H3K9me and HP! proteins can also 
be detected within additional genomic regions at 
discrete genes in the S. pombe genome (6). How- 
ever, the assembly of heterochromatin targeting 
genes and its modifications in response to signals 
that modulate gene expression have not been 
explored. To address this, we mapped H3K9me 
across the genome (7). 
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Besides previously reported heterochromatin 
loci, we reproducibly detected H3K9me at sev- 
eral additional sites (Fig. 1A). These heterochro- 
matin islands encompass ~30 loci, which include 
genes located adjacent to ncRNAs and a few 
long terminal repeats (Fig. 1B). Overlapping tran- 
scription at convergent genes is believed to target 
H3K9me via RNAi (8), whereas heterochromatin 
islands correspond to both convergent and non- 
convergent loci (Fig. 1, B and C). A distinctive 
feature of heterochromatin islands is their prefer- 
ential association with meiotic genes, which are 
silenced during vegetative growth (table S1). Most 
H3K9me enrichment corresponds to either open 
reading frames or 3’ ends of genes (Fig. 1B), consist- 
ent with transcription-coupled processes targeting 
H3K9me. Histone H3K4 methylation, a modifi- 
cation linked to RNA polymerase II transcription, 
could be detected at the 5’ ends of genes within 
heterochromatin islands (fig. S1). 

Factors that bind H3K9me and their associ- 
ated effectors localize to heterochromatin islands: 
Chromatin immunoprecipitation (ChIP) detected 
the Clr4 complex (ClrC) subunit Raf2, Swi6/HP1, 
as well as posttranscriptional and transcriptional 
silencing activities, such as RNAi effector com- 
plex RITS (Chp1 and Agol) and SHREC (Clr3 
and Mitl), respectively, at heterochromatin is- 
lands (fig. $2). Additionally, Dcr1 localizes to 
three genes corresponding to islands (9). We also 
found the cohesin-loading factor Mis4, which in- 
teracts with Swi6/HP1 (70), and the cohesin sub- 


unit Rad21 enriched at meiotic heterochromatin 
islands (fig. S2). 

Our analysis identified the antisilencing factor 
Epel (//, 12) at heterochromatin islands (fig. S2). 
The loss of Epel caused the spread of H3K9me 
at most heterochromatin islands and at subtelo- 
meric regions (fig. S3, A and B). Moreover, epe/A 
cells showed several H3K9me peaks that were 
not detected in wild-type cells (fig. S3C). More 
than 30 additional peaks mapped to ~100 con- 
vergent and nonconvergent loci. As in the case of 
the wild type, a major fraction of heterochromatin 
islands in epe/A mapped to meiotic genes. Thus, 
the S. pombe genome appears to harbor numer- 
ous heterochromatin nucleation sites, but het- 
erochromatin assembly at many of these loci is 
suppressed by factors such as Epel. 

Given that heterochromatin islands map to 
transcribed regions, we wondered if RNAi targets 
heterochromatin to these loci. The loss of Dicer 
(Derl) or Argonaute (Ago1) caused only partial 
or no reduction in H3K9me at heterochromatin 
islands except island 5, which showed consider- 
able reduction of H3K9me (fig. S4, A and B). 
Moreover, de novo targeting of H3K9me to ssm4 
and mei4 occurred even in the absence of Agol, 
albeit at levels lower than those of the wild 
type (fig. S4C), suggesting that additional RNAi- 
independent mechanism(s) target heterochroma- 
tin to meiotic loci. We also investigated the 
effects of histone deacetylases (HDACs), includ- 
ing Sir2 and SHREC (3), implicated in hetero- 
chromatin formation. Deletion of sir2 encoding 
a nicotinamide adenine dinucleotide—dependent 
HDAC (3) caused defective H3K9me at the ma- 
jority of islands (fig. SSA), but SHREC subunits 
were dispensable (fig. SSB). 

We next sought to investigate the mechanism 
of heterochromatin assembly at meiotic loci. Mei- 
otic genes such as ssm4 are transcribed during 
vegetative growth, but their transcripts are pro- 
cessed by the exosome (/3—/6). The loss of Rrp6, 
an exosome-associated 3'-to-5’ exonuclease (/7), 
led to the accumulation of ssm4 mRNA and a 
long RNA, which initiated from a promoter 
upstream of gr] (Fig. 2A and fig. S6). When 
production of ssm4 mRNA and the long RNA 
was disrupted by insertion of ura4 transcription 
terminator at the ssm4 promoter (Fig. 2A), the 
resulting strain showed the loss of H3K9me at 
the ssm4 (Fig. 2B). We also generated a strain in 
which ura4 terminator specifically blocks long 
RNA, without affecting ssm4 mRNA (fig. S7). 
ssm4 mRNA was sufficient to nucleate hetero- 
chromatin, as disruption of the long RNA did not 
abolish H3K9me (fig. S7). Based on these data, 
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transcription is required for H3K9me at the ssm4 
meiotic gene. 

The elimination of meiotic mRNAs in vege- 
tative cells involves the YTH domain-containing 
protein Mmil (73). Mmil binds mRNAs con- 
taining determinant of selective removal (DSR) 
sequences and mediates their degradation by the 
exosome (/3, /6). Meiotic mRNA suppression 
also requires the Red1 protein, which interacts 
with Mmil, the exosome, and pre-mRNA 3’- 
processing factors (75). We wondered if the RNA 
elimination machinery targets H3K9me. Inser- 
tion of the mei4 DSR at the 3’ untranslated region 


of ura4 resulted in H3K9me at this site, espe- 
cially when ura4-DSR was expressed (Fig. 2C), 
and ssm4 lacking its DSR failed to nucleate 
H3K9me (fig. S8). More importantly, the loss of 
Mmil, Redl, or Rrp6, which caused accumu- 
lation of DSR-containing transcripts (fig. S9A) 
(13, 15), abolished H3K9me at both ssm4 and 
mei4, as determined by ChIP and ChIP-chip (Fig. 
2, D and E). At other meiotic loci, we also 
observed defects in H3K9me in these mutants 
(Fig. 3A and fig. S10A), but we saw no change 
at heterochromatin islands targeting nonmeiotic 
loci, such as islands 14 and 15 (Fig. 3B). Based 


REPORTS [ 


on these results, RNA elimination factors are re- 
quired for the assembly of heterochromatin at 
meiotic genes. 

Consistent with RNA elimination factors di- 
rectly promoting H3K9me, we found Red1 and 
Rrp6 enriched at ssm4 and mei4 (Fig. 2F and fig. 
S9B). Red1 was also detected at heterochromatin 
islands at other meiotic genes (Fig. 3A). Local- 
ization of Red1 correlated with its requirement 
for H3K9me at individual loci (Fig. 3A and fig. 
S10A). Red1 could not be detected at islands that 
showed no reduction in H3K9me in red/A cells 
(Fig. 3B and fig. S10A). rec8 and spo5 genes, 
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enrichment of dimethylated H3K9 
(H3K9me2), as determined by ChIP- 
chip, is plotted. Besides centromere 
(cen), telomere (tel), and mating-type 
(mat) locus, H3K9me2 peaks distribute 
across the genome (islands 1 to 21). 


(B) H3K9me2 distribution at individual loci. Chromosome positions in (A) and (B) correspond to Sanger Center Pombe database 2004 assembly. LTR, long 
terminal repeat. (C) ChIP confirms H3K9me2 enrichment at selected loci. DNA isolated from immunoprecipitated chromatin (ChIP) and whole-cell crude extract 
(WCE) was used to perform multiplex polymerase chain reaction. Relative fold enrichment values are shown. 
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Fig. 2. RNA elimination machinery affects heterochromatin assembly at meiotic 
genes. (A) Insertion of a mini-ura4 at the ssm4 promoter (prom::ura4) blocks the 
production of ssm4 mRNA and a long RNA, as determined by Northern blot 
analysis. rrp6A is used to facilitate RNA detection. Ribosomal RNA (rRNA) serves 
as a loading control. wt, wild type. (B) Blocking ssm4 transcription abolishes 
H3K9me at this locus. H3K9mez2 levels were assayed by ChIP. (C) mei4 DSR 


which encode DSR-containing transcripts de- 


graded by a Mmil-based mechanism (/3, /6), A Island 1 
lack detectable levels of H3K9me (fig. S10B). mep7 
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tors. Immunoprecipitation analyses detected RNA 
elimination factor Red1 interacting with Clr4 and 
another ClrC subunit, Rafl, and that these in- 
teractions were not sensitive to deoxyribonuclease 
I or ribonuclease A treatment (Fig. 3C). These 
data demonstrate that Red1 is a component of a 
protein network involved in the elimination of 
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induces H3K9me at an ectopic site. DSR fused to ura4* was expressed under the 
control of thiamine-repressible nmt1 promoter. Cells grown in the presence or 
absence of thiamine were used to detect H3K9me by ChIP. Endogenous ura4 
serves as a control. (D and E) mmi1A, red1A, or rrp6A affect H3K9me at ssm4 
and mei4. Results of ChIP (D) or ChIP-chip (E) are presented. (F) Red1-myc and 
Rrp6-myc distribution at ssm4 and mei4, as determined by ChIP-chip, are plotted. 


Island 4 B Island 14 Island 15 
0809.04 c8c9.05 ncRNAs eno101 024c6.09 LTR 
Sa Ss NE gg Se =a a 

5 mw iS S 6 10 mw 
Wired1A @ s Hired1A 
1 Ea ~~ Ts 1 ' 
3,647 3,650 ° 2,199 2,202 2,338 2,342 
809.04 c8c9.05 ncRNAs eno101 co4cg.99 LTR 


5 
[ 


3,647 3,650 2,199 2,202 2,338 2,342 


Chromosome position (kb) 


meiotic RNAs that recruits Clr4 to assemble het- © D E aug J 
erochromatin islands. Anti-FLAGIP Input a Re & 35 

Heterochromatin and its associated factors FLAG-Clr6 — + - + ioe be 55 long RNA 
such as RNAi components might promote mei- Redi-Myc_+ + et z= Ek 9 


otic gene silencing. Loss of Agol alone did not 
cause detectable changes in ssm4 and mei4 si- 
lencing (fig. S11). However, the effects of RNAi 
machinery might be masked by the activity of the 
exosome. Because the exosome is required for 
both mRNA processing and H3K9me, it was not 
possible to study the effects of heterochromatin 
factors in the 77p6A background. However, the 
degradation of meiotic mRNAs by the exosome 
requires the poly(A) binding protein Pab2 (16, /8), 
which does not interact with Red1 (/5). pab2A 
impaired the degradation of transcripts but main- 
tained considerable levels of H3K9me at meiotic 
loci (Fig. 3, D and E). When pab2A was com- 
bined with c/r4A, the resultant double mutant 
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Fig. 3. H3K9me at meiotic loci requires Clr4-interacting Red1 protein. (A and B) Relative en- 
richments of H3K9me2 and Red1-myc are plotted. (A) Red1 localized to islands 1 and 4 and is 
required for H3K9me2 at these loci. (B) red1A has no effect on H3K9me2 at islands 14 and 15, which 
lack detectable levels of Red1. (C) Clr4 and Raf1 interact with RNA processing factor Red1. Immuno- 
affinity purification of FLAG-Clr4 or FLAG-Raf1 was followed by Western blotting with myc antibody to 
detect Red1-myc. IP, immunoprecipitation. (D) pab2A causes only minor change in H3K9me at me4, 
as determined by ChIP. 
suppress long RNA. RNA from indicated strains was used to perform Northern blotting with an ssm4 


(E) Clr4 and Pab2 act in parallel pathways to silence meiotic genes and to 
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showed cumulative accumulation of ssm4 mRNA 
and long RNA (Fig. 3E). These results suggest 
a role for Clr4 in silencing meiotic genes during 
vegetative growth. Clr4 might directly promote 
RNA processing (/9) and/or facilitate loading of 
silencing effectors, such as chromatin modifiers 
and the RNAi machinery (fig. $2), via H3K9me- 
bound chromodomain proteins. Indeed, c/r4A 
cells are defective in the localization of Swi6 
and the RITS subunit Chp1 at ssm4 and mei4 
loci (6). 

Meiotic gene expression is induced in re- 
sponse to sexual differentiation signals (20). Ni- 
trogen starvation arrests cells in G, phase of 
the cell cycle and triggers sexual differentiation. 
However, growth arrest can be reversed by the 
resupply of nitrogen. Nitrogen deprivation caused 
severe reduction in H3K9me at meiotic genes 
but had no effect on heterochromatin at centro- 
meres, telomeres, and the mat locus (Fig. 4, A 
and B, and fig. S12A). The observed effect was 
specific to nitrogen starvation and was not ob- 
served when cells were arrested in G, phase (fig. 
S12B). Appreciable reduction in H3K9me could 
be detected after 4 hours of nitrogen starvation 
(fig. S13A). The rapid loss of H3K9me involves 
Epel, because disassembly of heterochromatin 
islands is delayed in epe/A mutant (fig. S13A). 
Resupplying nitrogen to starved cells restored 
heterochromatin to meiotic loci within 24 hours 
after the addition of nitrogen source to growth me- 
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dium (fig. $13B). Thus, heterochromatin islands 
at meiotic loci are developmentally regulated. 
Our analysis expands the repertoire of loci 
targeted by heterochromatin and uncovers a 
mechanism for heterochromatin assembly. Het- 
erochromatin formation at meiotic loci requires 
transcription but can occur independent of RNAi 
or a specific gene orientation. We suggest that 
Mmil binding to DSR-containing RNAs engages 
Red1 and the exosome to nucleate heterochro- 
matin by targeting Clr4/Suv39h (fig. S14). Because 
Redl-exosome degrades many RNAs and certain 
Mmil targets (e.g., recS and spo5) lack H3K9me, 
it is likely that additional factors, including spe- 
cific features of RNAs, are important for loading 
heterochromatin. In this regard, Red1 and Mmil- 
cooperate with pre-mRNA 3'-processing factors 
to promote hyperadenylation of target transcripts, 
which is critical for meiotic gene silencing (/5, /6). 
Red! and 3’-processing factors may be components 
of a mechanism that couples degradation of mei- 
otic RNAs to heterochromatin assembly. Note 
that the Rik1 subunit of the Clr4 complex, which 
suppresses accumulation of aberrant RNAs (/9), 
resembles cleavage and polyadenylation specific- 
ity factors involved in pre-mRNA 3’-processing 
(21). Similar to facultative heterochromatin in 
higher eukaryotes, heterochromatin islands are 
remodeled in response to cellular differentiation 
signals. These results suggest that signaling mecha- 
nisms exist that feed into heterochromatin pathways 
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to facilitate coordinated changes in gene expres- 
sion and reprogram the genome for other chromo- 
somal events during meiotic induction. Similar 
pathways involving cotranscriptional RNA process- 
ing factors might promote RNA- and transcription- 
coupled epigenetic modification observed in other 
systems (22-25). 
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Asymmetry and Aging of 
Mycobacterial Cells Lead to Variable 
Growth and Antibiotic Susceptibility 


Bree B. Aldridge,’* Marta Fernandez-Suarez,""2* Danielle Heller,* Vijay Ambravaneswaran,7 
Daniel Irimia,* Mehmet Toner,” Sarah M. Fortune? 


Cells use both deterministic and stochastic mechanisms to generate cell-to-cell heterogeneity, 
which enables the population to better withstand environmental stress. Here we show that, 
within a clonal population of mycobacteria, there is deterministic heterogeneity in elongation 
rate that arises because mycobacteria grow in an unusual, unipolar fashion. Division of the 
asymmetrically growing mother cell gives rise to daughter cells that differ in elongation 

rate and size. Because the mycobacterial cell division cycle is governed by time, not cell size, 
rapidly elongating cells do not divide more frequently than slowly elongating cells. The 
physiologically distinct subpopulations of cells that arise through asymmetric growth and 
division are differentially susceptible to clinically important classes of antibiotics. 


uberculosis, caused by infection with 
Mycobacterium tuberculosis, remains a ma- 
jor global health problem, killing more than 
1.5 million people annually. Although antibiotic 
therapy rapidly reduces the bacterial burden, 
eliminating the infection requires long courses 


of multiple antibiotics (/, 2). It has been sug- 
gested that this lengthy course of treatment is 
required because the mycobacterial population 
is functionally heterogeneous and contains cells 
that are differentially susceptible to antibiotics, 
nonreplicating, or sequestered in the body (3, 4). 


Because almost all antibiotics target bacterial pro- 
cesses involved in cell growth, we hypothesized 
that there is heterogeneity in growth states of my- 
cobacterial cells that underlies differential anti- 
biotic susceptibility. 

To measure the growth and antibiotic sus- 
ceptibility of mycobacteria at a single-cell level, 
we designed a microfluidic chamber to culture 
mycobacteria for live-cell imaging. This device 
allows cell movement in two dimensions but 
constrains bacteria to a single focal plane (Fig. 
1A). Cells are grown in shallow channels that 
are connected to a perpendicular media channel, 
which provides a homogeneous mixture of nu- 
trients by diffusion. This device enables imaging 
of mycobacterial growth for up to five genera- 
tions, at which point images become too crowded 
to score (Fig. 1B). In this device, we can expose 
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» 120 ME. coli on | E208 Fig. 1. M. smegmatis exhibits heterogeneous growth characteristics. (A) 
3 100 40 3S Schematic diagram of the microfluidic device used for long-term imaging of 
® 2 2 - mycobacteria. Media flows through the main channel (large arrow) and 
S 80 30 8 a4 & provides nutrients (cyan circles) by diffusion (small arrows) to the cells. (B) 
2 60 8 > 8 Bright-field, time-lapse imaging of M. smegmatis in the microfluidic device. (C) 
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cells to defined stressors such as antibiotics and 
follow the responses of individual cells. As the 
growth and division machinery is highly con- 
served between pathogenic and nonpathogenic 
mycobacteria, we focused our live-cell imaging 


experiments on the experimentally tractable, mod- 
el mycobacterium, Mycobacterium smegmatis. 
To assess population variation in growth states, 
we measured the elongation rates of individual 
M. smegmatis cells grown in rich medium. As a 
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Fig. 2. M. smegmatis growth is asymmetric and elongation occurs from the old pole. (A) Schematic 
diagram of the pulse-chase experiment used to measure polar growth. Cells were labeled with amine- 
reactive dye (green), and growth was assessed by measuring the extension of the unlabeled region (red 
arrows). Cell-wall labeling did not alter cell elongation rate (fig. S5A), other labeling chemistries such as 
hydroxylamine labeling via periodate oxidation led to similar staining patterns (data not shown), and 
similar labeling patterns were seen in cells grown in broth and in microfluidic channels (fig. S5B). (B) 
Time-lapse imaging of two sister cells after the pulse labeling (green) of the cell wall. The bright-field 
images were pseudo-colored red. New poles are annotated with asterisks and the old poles with arrows. 
Each cell's poles are annotated with the same color asterisk and arrow. A schematic is drawn above each 
image, marking the new poles and growth poles with an asterisk and red arrow, respectively. We also used 
a fluorescein-vancomycin conjugate (Van-FL) to stain nascent peptidoglycan (30) and found preferential 
labeling of the old pole over the new pole (fig. S5C). (C) Growth over one cell cycle at new versus old poles 
in 50 cells (*P < 0.001 by a Mann-Whitney rank sum test). There was no cell in which the new pole elongated 
more than the old pole. (D) Three representative images of M. tuberculosis (left) and M. smegmatis (right) 
after the pulse-labeling (green) of the cell wall (after 48 hours in broth culture for M. tuberculosis and 
6 hours in the microfluidic device for M. smegmatis). The bright-field images are pseudo-colored red. 
Scale bars represent 1.3 um. Comparison images of E. coli labeled under similar conditions are in fig. S5D. 
(E) Cumulative polar growth for one labeled cell plotted for each pole through four cell cycles. The cell 
inheriting the new pole alternates the direction of growth after division events. 
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point of comparison, we also measured the growth 
parameters of individual Escherichia coli cells 
grown in rich medium in our microfluidic device. 
We found significantly more variability in the 
elongation rates of mycobacterial cells compared 
to E. coli cells (Fig. 1C; F < 0.05) (5). Myco- 
bacteria lack the molecular rulers that ensure 
symmetric cell division, which place the division 
septum in the center of the cell in other rod- 
shaped organisms such as £. coli and Bacillus 
subtilis (6). Thus, we wondered whether the var- 
iability in mycobacterial elongation rates was 
related to asymmetry in cell division (7, 8). We 
therefore assessed the symmetry of mycobacterial 
cell division and found that cell division is sig- 
nificantly less symmetric in M. smegmatis than in 
E. coli (Fig. 1D; F< 0.001) (5). We observed sim- 
ilar asymmetry in cell division in M. tuberculosis 
(fig. S1). 

Asymmetry in cell elongation could cause 
apparent asymmetry in cell division and subse- 
quent variability in the elongation rates of daugh- 
ter cells. To assess this possibility, we took 
advantage of the fact that mycobacteria elongate 
at their poles rather than along the lateral cell 
body as in E. coli (6, 9). This allowed us to quan- 
tify cell elongation by pulse labeling the cell wall 
with a fluorescent amine-reactive dye and mea- 
suring the extension of the unlabeled poles (Fig. 
2A) (0). Notably, we found that mycobacterial 
cells elongate preferentially at the old pole (Fig. 
2, B and C). In static images, unipolar growth 
produces a “‘cigar-band” of cell wall labeling with 
the amine-reactive dye where one pole has elon- 
gated significantly more than the other, which we 
also observe in M. tuberculosis (Fig. 2D). 

Unipolar growth per se does not explain cell- 
to-cell variability in elongation rates or cell sizes, 
but it does create different types of cells at divi- 
sion. One daughter cell inherits the growing pole, 
whereas the other daughter cell must create a new 
growth pole after every division (schematic in 
Fig. 2E). The new growth pole is generated at the 
older pole (opposite the division septum), and 
therefore the direction of growth changes with 
every cell cycle. We have quantified this for a 
single, representative cell over four generations 
in Fig. 2E. By contrast, in the daughter cell that 
inherits the growing pole (indicated by an arrow 
in Fig. 2E), elongation continues from the in- 
herited growth pole (fig. S2). 

We hypothesized that the daughter cell in- 
heriting the growth pole would elongate at a 
different rate than its sister cell, which must as- 
semble a new growth pole. We tested this hypoth- 
esis by computing the differences in elongation 
rate between pairs of sister cells. We found that 
on average, the sister cell inheriting the growth 
pole elongates faster than the sister cell that es- 
tablishes a new growth pole (Fig. 3A; P < 0.05). 
The cell inheriting the growth pole is also longer 
at birth than its sister cell, consistent with a model 
in which elongation remains asymmetric during 
septation (Fig. 3B; P< 0.05). Thus, each division 
results in two distinctive sister cells. We term 
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Fig. 3. Division creates sister cells with different growth properties. (A and B) 
Distribution of the differences in elongation rate (A) and birth length (B) 
between sister cells inheriting the old pole and the new pole. The distributions 
are skewed (P < 0.05; red lines denote zero), indicating that the sister in- 
heriting the older pole elongates faster (in 71% of the 161 sister pairs) and is 
larger at division (in 74% of the 161 sister pairs). In 7.5% of the 161 sister 
pairs, the sister that inherited the new pole elongated faster and was longer at 
birth than its sister. (C) Schematic model for mycobacterial growth. A labeled 
cell (green) is shown to elongate from one pole (red arrow). Two sister cells are 
created at division: an accelerator (Acc) cell inheriting the old (growing) pole 


these cells “accelerators,” which inherit the moth- 
er’s growth pole and tend to elongate faster, and 
“alternators,” which must regenerate a new growth 
pole and tend to elongate more slowly (Fig. 3C). 
By definition, all alternator cells have new 
growth poles, whereas accelerator cells inherit 
growth poles of varying ages. Some accelerator 
cells inherit growth poles created in the previous 
generation, and others inherit growth poles cre- 
ated several generations earlier. To understand 
whether growth pole age affects the elongation 
rate of accelerator cells, we mapped the pedigrees 
of single cells. We assigned an “age” to a cell 
based on the number of generations its growth 
pole had experienced; alternator cells have an age 
of 1 and accelerator cells have an age of 2 or 
greater (Fig. 3C). We then compared the elon- 
gation rate of cells of different ages in popula- 
tions arising from a single cell, which we term a 
“microcolony.” Cells with older growth poles 
elongate faster than cells with younger growth 
poles (Fig. 3D, P < 0.05 for accelerator versus 
alternator cells). In addition, the birth length of 
cells increases as the growth pole matures (Fig. 
3E, P<0.05 for accelerator versus alternator cells 
and age 3 versus age 2 cells). Taken together, 
these data suggest that as the growth pole ma- 
tures, cells elongate faster and are larger. We oc- 
casionally observed cells with older growth poles 
that elongated more slowly than cells with youn- 


age 1 


birth lengths). 


ger growth poles in the same microcolony (e.g., 
Fig. 3D, colony G), suggesting there may be a 
mechanism to “reset” the elongation rate. 

These data show that the mycobacterial 
growth pattern generates a population of cells 
that is heterogeneous in size and elongation rates. 
We assessed whether rapidly elongating cells al- 
so divide more frequently than slowly elongating 
cells, as would be expected if mycobacteria con- 
trol cell cycle entry using size-based regulation 
like E. coli (11, 12). Alternatively, mycobacteria 
might regulate entry into the cell cycle using a 
time-based mechanism. In yeast, investigators have 
differentiated between size- and time-based cell 
cycle regulation using the relationship between 
birth length and elongation length (/3, /4). In 
cells that use size-based cell cycle regulation, small 
cells must grow more before dividing, causing 
the birth length to be negatively correlated with 
elongation length, whereas in time-based regu- 
lation, these lengths are uncorrelated. We there- 
fore measured the association between the birth 
and elongation lengths of M. smegmatis cells. We 
found no correlation between the two lengths in 
M. smegmatis (regression line slope of 0.00; Fig. 
4A), whereas in E. coli we found these lengths to 
be negatively correlated, as expected (regression 
line slope of -0.75; fig. S3A). These data suggest 
that the mycobacterial division cycle, which we 
use as a measure of the cell cycle more broadly, 
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and an alternator (Alt) cell inheriting the new pole. Growth pole age (in 
generations) is labeled in purple. (D and E) Elongation rate (D) and birth 
lengths (E) are plotted for 10 microcolonies, with cell subpopulations grouped 
by growth pole age. Growth pole age was scored by mapping the pedigrees of 
unlabeled cells through several generations via live-cell imaging. Sub- 
population means (large ovals) are plotted along with data from individual 
cells (small circles). Elongation rate and birth length increase within a colony 
as the growth poles age (P < 0.05 for alternator versus accelerator elongation 
rates; and P < 0.05 for alternator versus accelerator and age 2 versus age 3 


is regulated by time rather than size. Consistent 
with time-based regulation of cell cycle progres- 
sion, cell division is synchronized in a microcol- 
ony, with closely related cells dividing at similar 
times (Fig. 4B and fig. S3B). We calculated the 
microcolony division cycle length by character- 
izing the distribution of division events in time 
and in the frequency domain using a Fourier trans- 
form (Fig. 4B and fig. S3B). The major frequen- 
cy corresponds to the division cycle length (and 
is unbiased by the increasing number of cells as 
the colony grows), and the amplitude of the peak 
is a metric for synchronization in the colony. 
The colony cycle times calculated from the mean 
and the frequency domain are very similar (with- 
in 0.2 hours for each microcolony). However, 
there were significant differences in cycle times 
between some microcolonies (fig. S3C). These 
data suggest that as yet unidentified factors may 
modulate the cell cycle timer, compounding the 
diversity of elongation states within the popula- 
tion. Furthermore, the cell cycle length is much 
longer in slow-growing mycobacteria (~22 hours 
in M. tuberculosis as compared to ~3 hours in 
M. smegmatis). It is also therefore possible that 
growth and division cycle timing in M. tubercu- 
losis is subject to additional layers of regulation 
that are not reflected in these studies. 

Thus, asymmetric elongation and cell division 
and a timed cell cycle quickly create a population 
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Fig. 4. Population heteroge- 
neity of growth characteristics 
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is maintained by time-based cell 
division cycle regulation and con- 
tributes to differential suscep- 
tibility to antibiotic stress. (A) 
Birth length and elongation 
length, which is defined as the 
length that the cell elongates be- 
tween birth and division, are un- 
correlated for 322 M. smegmatis 
cells (regression slope of 0.00), 
suggesting that mycobacteria 


elongation length, um 


use time to regulate their cell 2 3 


cycle. (B) Cell cycle timing is 
characterized for one microcol- 
ony (a second representative 
microcolony is shown in fig. $3B). 


Division events are plotted in the 8 
time domain as discrete events 
(blue circles; left axis) and as a 
histogram (red line; right axis). 
The histogram of birth events 
was used to generate an am- 
plitude spectrum with a Fourier 
transform (lower left). The peak 
represents the cycle time of the 
microcolony (arrow). The spread 


# of microcolonies 
AS 


of cycle times for individual cells 0 
is shown as a histogram (lower 
right). (C) Distributions of the dif- 
ference in bacterial survival be- 


tween accelerator and alternator cells for each microcolony after treatment 
with meropenem, cycloserine, isoniazid, and rifampicin at minimal inhibi- 
tory concentrations (2.3 mM, 0.04 mg/ml, 25 .M, and 50 uM, respectively; 
P < 0.05 for each distribution). Survival was scored by determining the 


of mycobacterial cells that vary in their elongation 
rates, sizes, and perhaps other physiologic prop- 
erties. Because antibiotics target processes essen- 
tial for growth and division, we hypothesized that 
these cells might be differentially sensitive to anti- 
biotics. We therefore sought to determine the sus- 
ceptibility of alternator and accelerator cells to 
treatment with different classes of antibiotics. To 
do this, we used live-cell imaging to establish the 
pedigrees of growing cells and challenged them 
with the indicated antibiotics at the minimum 
inhibitory concentrations. We identified bacterial 
survival by scoring for posttreatment regrowth in 
25 to 66 independent microcolonies. Because we 
observed variability between microcolonies in the 
efficacy of some antibiotics, especially isoniazid 
and rifampicin, we calculated the difference in bac- 
terial survival between accelerator and alternator 
cells for each microcolony and assessed the distri- 
bution of this differential across all microcolonies. 

Given their different rates of elongation and 
potential differences in cell wall composition, we 
predicted that accelerator cells would be more 
susceptible to cell wall synthesis inhibitors than 
alternator cells. Indeed, accelerator cells were 
significantly more sensitive than alternator cells 
to the peptidoglycan synthesis inhibitors cyclo- 
serine and meropenem (Fig. 4C and fig. $4; P< 
0.05). Accelerator cells were also more sensitive 


A % survival (Alt-Acc) 


than alternator cells to isoniazid, which blocks 
synthesis of cell wall mycolic acids, although 
there was more variability between microcolo- 
nies in the effectiveness of isoniazid (Fig. 4C and 
fig. S4; P < 0.05). However, accelerator cells 
are not universally more susceptible to antibiotic 
treatment. Notably, when microcolonies were 
treated with rifampicin, which inhibits RNA poly- 
merase, alternator cells were more susceptible than 
accelerator cells (Fig. 4C and fig. S4; P< 0.05). As 
in the case of isoniazid, there was variability 
among microcolonies in response to rifampicin, 
suggesting that other potentially heritable factors 
may also contribute to a cell’s susceptibility to these 
drugs. Thus, we find that alternator and accelera- 
tor cells vary in their susceptibility to different 
classes of antibiotics, consistent with the model 
that asymmetric growth and division creates phys- 
iologically distinct subpopulations of cells. 

We have shown here that growth and division 
in mycobacteria are distinct from that of better- 
characterized model bacteria. Although unusual, 
the mycobacterial growth pattern contains spatial 
and temporal elements that are similar to those 
used by other bacteria to achieve rapid functional 
diversification of closely related cells (/5—2/). 
The most obvious example of this is Caulobacter 
crescentis, which also exploits polar asymmetry, 
asymmetry at cell division, and age-dependent 
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percentage of cells that regrew after antibiotic was removed. The analysis 
includes 317 cells in 25 microcolonies for meropenem, 374 cells in 26 micro- 
colonies for cycloserine, 334 cells in 25 microcolonies for isoniazid, and 
453 cells in 66 microcolonies for rifampicin. 


changes in pole function to rapidly create a di- 
morphic population (/5, 22—25). In these orga- 
nisms and in mycobacteria, variable growth and 
division patterns create deterministic population 
diversity at a very high frequency. Mycobacteria 
may also use other lower-frequency mechanisms, 
both deterministic and stochastic, to generate a 
tapestry of cell types (26-29). We anticipate 
that if these mechanisms for bacterial diversi- 
fication operate in M. tuberculosis as they do in 
M. smegmatis, they may contribute to the highly 
variable outcomes of tuberculosis infection and 
treatment. 
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Langerhans Cells Facilitate 
Epithelial DNA Damage and 
Squamous Cell Carcinoma 


Badri G. Modi,?* Jason Neustadter,!* Elisa Binda,®? Julia Lewis,? Renata B. Filler,* 
Scott J. Roberts,? Bernice Y. Kwong,” Swapna Reddy,” John D. Overton,? Anjela Galan,* 
Robert Tigelaar,* Lining Cai,* Peter Fu,> Mark Shlomchik,” Daniel H. Kaplan,®’ 


Adrian Hayday,”” Michael Girardi*+ 


Polyaromatic hydrocarbons (PAHs) are prevalent, potent carcinogens, and 7,12-dimethylbenz[a]anthracene 
(DMBA) is a model PAH widely used to study tumorigenesis. Mice lacking Langerhans cells (LCs), a 
signatory epidermal dendritic cell (DC), are protected from cutaneous chemical carcinogenesis, 
independent of T cell immunity. Investigation of the underlying mechanism revealed that LC-deficient 
skin was relatively resistant to DMBA-induced DNA damage. LCs efficiently metabolized DMBA to 
DMBA-trans-3,4-diol, an intermediate proximal to oncogenic Hras mutation, and DMBA-treated 
LC-deficient skin contained significantly fewer Hras mutations. Moreover, DMBA-trans-3,4-diol 
application bypassed tumor resistance in LC-deficient mice. Additionally, the genotoxic impact of 
DMBA on human keratinocytes was significantly increased by prior incubation with human-derived LC. 
Thus, tissue-associated DC can enhance chemical carcinogenesis via PAH metabolism, highlighting 
the complex relation between immune cells and carcinogenesis. 


pithelial tissues, including skin, are sit- 
B= at critical junctures with the environ- 


ment and repeatedly exposed to chemical 
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toxins and mutagens. In humans, ~90% of can- 
cers arise in epithelial tissues. Such tissues are 
commonly replete with associated dendritic cells 
(DCs), for which the prototype is the epidermal 
Langerhans cell (LC) network. DCs have long 
been viewed as the primary means by which pe- 
ripheral tissue neo-antigens are internalized, pro- 
cessed, and presented to antigen-specific T cells 
that may then mount and coordinate immuno- 
protection. Consistent with this, LCs induce con- 
tact hypersensitivity (CHS) responses and are 
considered, along with other tissue-resident DCs, 
to be well-placed to limit carcinogenesis through 
presentation of tumor-associated antigens to T 
cells. Recent studies of several LC-mutant mouse 
strains, however, have collectively argued for a 
reevaluation of the major functional contributions 
of LCs to epidermal biology (/—3). For example, 
CHS responses are augmented in mice where 
Langerin® LCs are selectively deleted (2). 


To investigate the potential of immune cells to 
protect against carcinogenesis, a two-stage cuta- 
neous chemical carcinogenesis model is commonly 
used wherein single exposure of FVB mouse skin 
to the “initiator” 7,12-dimethylbenz[a]anthracene 
(DMBA), followed by repeated application of tu- 
mor “promoter,” 12-O-tetradecanoylphorbol 13- 
acetate (TPA), induces papillomas, some of which 
develop into squamous cell carcinomas (SCCs) 
(4, 5). An activating codon 61 mutation of the Hras 
proto-oncogene within affected keratinocytes char- 
acterizes >90% of DMBA-induced SCCs (6). 
DMBA is representative of mutagenic polyaro- 
matic hydrocarbons (PAHs) to which humans can 
be exposed, and similar mutations are common in 
human carcinomas. Although TPA is pleiotropic, 
its proinflammatory effects are crucial to tumor pro- 
motion (7), consistent with common associations 
of inflammation with carcinogenesis. Thus, two- 
stage chemical carcinogenesis mimics many mo- 
lecular and etiological aspects of human cancer. 
By applying two-stage carcinogenesis to gene- 
knockout mice, we and others have identified 
nonredundant host-protective roles of discrete 
lymphocyte subsets, including epidermal y6 T cells 
(/, 5) and cytolytic a8 T cells (8). Conversely, 
carcinogenesis may be enhanced by immunosup- 
pressive CD4* “T-reg” (9) and noncytolytic, in- 
terleukin (IL)-17—producing CD8* af “‘T-pro” 
cells (0). 

Unexpectedly, LC-deficient huLangerin— 
diphtheria toxin A (Lang-DTA) mice showed almost 
complete resistance to DMBA-TPA-induced cu- 
taneous carcinogenesis (/). Unaware of another 
example of such a profound cancer-protective ef- 
fect afforded by removal of a single cell type, we 
sought to better characterize this finding and in- 
vestigate the underlying mechanism (//). Because 
LCs can express T cell suppressive cytokines such 
as IL-10, we first considered that their absence 
might confer protection by augmenting antitumor 
potentials of'y6 and of T cells. However, the marked 
resistance to carcinogenesis was comparable in 
Lang-DTA (J) and TerB’ TerS “ Lang-DTA 
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animals (Fig. 1A). Hence, tumor resistance con- 
ferred by loss of LCs is T cell-independent. More- 
over, resistance was even seen under high-dose 
protocols in the selective absence of immunopro- 
tective v6 T cells, a combination shown (5) to in- 
duce the highest rate of cutaneous carcinoma (Fig. 
1, B and C). This profound impairment of tumor 
formation on the highly susceptible FVB back- 
ground suggested that LCs impart an early, requisite 
influence on keratinocyte transformation. Notably, 
LCs are located adjacent to both inter- and intra- 
follicular basal keratinocytes (/2), and hair follicle 
bulge cells have been strongly implicated as targets 
of cutaneously applied chemical mutagens (/3). 
K5Hras transgenic mice express a constitu- 
tively active HRAS protein within basal keratin- 
ocytes (/4) and, on the FVB background, show 
early onset cutaneous SCC (/5) (fig. S1A). Cross- 
ing the Lang-DTA transgene onto K5Hras trans- 
genic mice did not afford protection from tumor 
formation (fig. S1, B and C). Because the trans- 
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genic provision of mutated Hras overcame the 
effect of LC deficiency, we reasoned that gen- 
eration of cells with Hras mutations may ordi- 
narily be fostered by LCs. Therefore, we assessed 
DNA damage in keratinocytes 24 hours after cu- 
taneous application of DMBA. Phosphorylated 
histone H2A variant H2AX (yH2AX), which is 
recruited to sites of DNA damage, showed more 
than threefold higher frequency staining within 
basal keratinocytes of DMBA-exposed skin of 
normal littermate controls (NLCs) relative to Lang- 
DTA mice (Fig. 2, A to C, and movie S1). Although 
some DNA damage was observed in Lang-DTA 
skin, this level is seemingly insufficient qualita- 
tively and/or quantitatively to overcome the thresh- 
old required for tumor development. In contrast, 
application of the mutagenic DMBA metabolite 
DMBA-trans-3,4-dihydrodiol (DMBA-t-3, 4-diol) 
induced comparable levels of DNA damage in 
both strains, implicating LCs in the metabolism 
of DMBA to its mutagenic forms (Fig. 2C). 


B-/- 5-/-  B-/- 5-/- Lang-DTA 


200: 


150 


100 


50: 


6-/- Lang-DTA NLC 


NLC 


Fig. 1. Resistance to two-stage chemical carcinogenesis is of and yé T cell-independent. Chemical 
carcinogenesis was induced in (A) Tcr8”~ Tcré*~ Lang-DTA mice using 50 1g DMBA to initiate and 6.25 ug 
TPA/week to promote, as well as in (B) Tcr5*~ Lang-DTA mice using 100 ug DMBA to initiate and 25 yg 
TPA/week to promote. The numbers of tumors per mouse (left) and individual tumor area (right) 14 weeks 
postinitiation are shown (mean + SEM). ***P < 0.0001 (Student's f test); n = 8 to 12 mice per group. NS, 


not significant. (C) Representative images from (B). 
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The carcinogenic potential of DMBA is un- 
leashed by bioactivation via cytochrome P-450 en- 
zymes (e.g., CYP1A1, CYP1B1) and microsomal 
epoxide hydrolase (EPXH1) after engagement of 
the aryl hydrocarbon receptor (AHR). In epithelial 
cells, including keratinocytes and hepatocytes, PAH 
engagement of the AHR markedly up-regulates 
the Cyplal, CypIb1, and Epxh1 genes as part of 
the so-called transcriptional xenobiotic response. 
Although this response may have evolved for de- 
toxification of potentially harmful natural exoge- 
nous aromatic compounds, accumulating evidence 
suggests roles for AHR in activation and dif- 
ferentiation of cells in response to endogenous 
ligands, such as the tryptophan photooxidation 
product 6-formylindolo[3,2-b]carbazole (/6). In 
this regard, AHR has been implicated in LC de- 
velopment, differentiation, and activation (/6—/8). 
Murine LCs reportedly do not express Cyplal 
(18), however, and when we examined the in- 
teraction between DMBA and the Langerin* 
MHC-II', Birbeck granule” LC line, XS106 (Fig. 
2D), or freshly isolated murine epidermal LCs 
(Fig. 2E), neither baseline nor DMBA-inducible 
expression of Cyp/al was observed. Rather, 
primary murine LCs showed modest, transient 
increases in Cyp/b1, Epxh1, and the Ahr repres- 
sor, Ahrr. This is important because previous 
studies in vitro using purified recombinant murine 
enzymes clearly show that metabolism of DMBA 
to the mutagenic DMBA-t-3,4-diol occurs prefer- 
entially via CYP1B1 (/9-2/), whereas CYP1A1 
metabolism is biased toward nonmutagenic de- 
toxification (fig. S2) (22, 23). DMBA-t-3,4-diol 
is converted to DMBA-3,4-diol-1,2-epoxide 
(DMBADE), which is immediately proximal 
to induction of the Hras codon 61 “signature” 
point mutation (24, 25). 

To pursue the impact of LCs on Hras mu- 
tation in vivo, we designed a quantitative ge- 
nomic DNA (gDNA) polymerase chain reaction 
(PCR) assay that selectively amplifies the DMBA- 
induced Hras codon 61 mutation (fig. S3A) (26). 
We generated plasmids containing either wild- 
type Hras (Hras WT) or codon 61 mutant Hras 
(Hras-mut61) and demonstrated the efficiency of 
this assay in Hras-mut61 quantification (fig. S3B). 
Using this assay, relative to primary murine keratin- 
ocytes (nKC), Hras-mut61 was found at levels 
exceeding 10°-fold in the SCC line CarC (100% 
Hras-mut61 mutant) and exceeding 10°-fold in 
skin of DMBA/TPA-treated FVB mice (fig. S3C). 
Serial dilution of CarC gDNA into aliquots of 
mKC gDNA showed a capacity to detect one 
mutant allele against a background of >10° nor- 
mal alleles (fig. S3D). When skin was assayed 
after a single cutaneous DMBA application fol- 
lowed by weekly TPA, significantly fewer Hras 
mutations in the skin of Lang-DTA mice, relative 
to NLCs, were apparent after only 2 weeks (Fig. 3), 
approximately 6 weeks before any palpable signs 
of tumor formation. During the precancerous pe- 
riod, the differential frequency of Hras-mut61 in 
Lang-DTA mice became more apparent over time 
and was again unaffected by the presence or 
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Fig. 2. LCs enhance DMBA- 
induced DNA damage. 
Confocal microscopy of 
epidermal sheets isolated 
from the ears of (A) NLCs 
or (B) Lang-DTA mice 24 
hours post-DMBA applica- 
tion shows LCs (CD207+) 
in blue and nuclei con- 
taining DNA damage 
(yH2AX+) in red. (C) The 
ears of NLCs and Lang- 
DTA mice were treated 
with 8.75 ug DMBA or c 
DMBA-t-3,4-diol and 
yH2AX™ cells enumerated 
24 hours posttreatment. 
Each dot represents an 
individual mouse. **P < 
0.001 (Student's t test). 
Similar results were obtained 
from vehicle (acetone)— 
treated and —untreated 
mice. (D) XS106 was treated 
with 64 uM DMBA and 
changes in gene expression 
monitored by quantita- 
tive real-time fluorescence 


Mean + SE yH2AX* cells/mm? 


PCR (qPCR). Cyp1al expression is not shown because it was undetectable at all 
time points. (E) NLC mice were untreated or treated with 100 ug DMBA, and, 
24 hours later, epidermal Langerhans cells were purified by cell sorting and 


absence of T cells (Fig. 3). High-throughput next- 
generation sequencing (Illumina HiSeq 2000) 
likewise demonstrated the accumulation of sub- 
stantially more Hras codon 61 mutations in DMBA- 
treated LC-intact skin versus LC-deficient skin 
(fig. S4). Taking the data together, we hypothe- 
sized that the very high CYP1B1:CYPI1A1 ratio 
in LCs favors metabolism of DMBA to muta- 
genic DMBA-t-3,4-diol that then may be avail- 
able for subsequent conversion to mutagenic 
DMBADE within neighboring keratinocytes. 

To test the potential of LCs to metabolize 
DMBA, we analyzed lysates of XS106 cells 24 
hours post-DMBA exposure by high-performance 
liquid chromatography (HPLC). Internalization 
of DMBA was evidenced by a single spike (Fig. 
4A), whereas the supernatant from such cultures 
markedly revealed an additional cluster of spikes, 
consistent with DMBA metabolites (Fig. 4B). The 
concentration of XS106-internalized DMBA in- 
creased with increasing initial DMBA concen- 
trations (Fig. 4C). Notably, there was a very rapid 
accumulation of DMBA metabolites in the me- 
dium of XS106 cells, which also increased over 
time and with the concentration of DMBA (Fig. 
4, D and E). These data are consistent with the 
cells’ uptake and metabolism of DMBA and the 
rapid release of metabolites. Liquid chromatography/ 
tandem mass spectrometry (LC/MS/MS) readily 
identified the mutagenic metabolite DMBA-t-3,4- 
diol in the cultures (Fig. 4F) at mean concen- 
trations of 29.2 nM in 32 uM—DMBA-exposed 
XS106 samples and 42.4 nM in 64 uM—DMBA— 
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Fig. 3. Reduced levels of cutaneous Hras codon 61 mutations in LC-deficient mice detected by qPCR 
of gDNA. Lang-DTA, Tcr8~~ Tcré”~ Lang-DTA, and appropriate NLC animals were treated with DMBA 
[200 wg for D+T(2), 100 ug for all others], followed by TPA (25 ug per week, number of weeks in 
parenthesis). Hras codon 61 mutations in the treated skin were quantified by qPCR of gDNA. *P < 0.01 


(Student's ¢ test), n = 5 to 6 mice per group. Error bars indicate SEM. 


exposed samples. No DMBA-t-3,4-diol was de- 
tected in cultures lacking either XS106 or DMBA. 
These data evoke another study which showed 
that the LC line, XS52, could metabolize the PAH 
benzo[a]pyrene, to diol, quinone, and phenol me- 
tabolites (27). To further test the hypothesis that 
the profound contribution of LCs to carcinogen- 
esis reflects the cells’ release of mutagens formed 
by uptake and metabolism of DMBA, we applied 
synthesized DMBA-t-3,4-diol as the initiating agent 
in two-stage carcinogenesis of Lang-DTA and NLC 
mice. In contrast to the markedly reduced tumor- 
igenesis observed in DMBA-treated Lang-DTA 
mice, DMBA-t-3,4-diol initiated comparable tu- 


mor development in the two strains (Fig. 4G). 
Thus, by artificially providing a mutagenic me- 
tabolite of DMBA, the substantial contribution of 
LCs to carcinogenesis was bypassed. 

Given the implication that murine LCs con- 
tribute to cutaneous chemical carcinogenesis via 
nonimmunological properties, it was appropriate 
to determine whether human LCs might display 
equivalent properties with the potential to pro- 
mote disease. We therefore examined the response 
to DMBA of primary human LCs from several 
donors and their consequent effects on primary 
keratinocytes. The data were consistent with the 
murine data sets. After DMBA treatment, human 
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Fig. 4. LCs have the capacity to metabolize DMBA to DMBA-t-3,4-diol, and 
initiation with this metabolite abrogates the tumor resistance seen in LC-deficient 
mice. XS106 cells were cultured with 64 uM DMBA for 24 hours, the supernatant 
was then collected, and cells were pelleted to prepare a lysate. (A and C) HPLC 
analysis of the lysate. (B, D, and E) HPLC analysis of the supernatant. (F) LC/MS/MS 
analysis of XS106 cells in the presence or absence of DMBA. (G) Tumor induction 
after treatment with DMBA (12.5 ug) or DMBA-t-3,4-diol (100 tg). 25 pg/week 
TPA promotion was used in both groups, and initiator doses were chosen on 
the basis of predicted diol instability, reduced cutaneous penetrance, and pre- 


liminary studies. Each dot represents an individual mouse. (H) Human kerat- 
inocytes or LCs were cultured in the presence (right) or absence (left) of 64 uM 
DMBA for 24 hours, then Cyp1a1 (1A1) and Cyp1b1 (1B1) expression was 
quantified relative to B-actin by qPCR. (I and J) Human keratinocytes (in EpiLife 
medium) or LCs [in RPMI“ medium] were cultured 24 hours in the presence (or 
absence, not shown here) of 64 uM DMBA. Supernatants (sup.) were then har- 
vested and transferred onto fresh keratinocyte cultures for an additional 24 hours, 
then DNA damage was assessed by yH2AX staining. Confocal microscopy (1) and 
quantification of the data (J). **P < 0.001, ***P < 0.0001 (Student's t test). 


LCs expressed substantially more Cyp/b/ than 
Cyplal (of which most donors’ cells express 
negligible levels), whereas human keratinocytes 
expressed an excess of Cypla/ (Fig. 4H). For 
most donors, Cyp/b/ expression by DMBA-treated 


LCs was ~20-fold higher than that in keratino- 
cytes, whereas Cyp/al expression was substan- 
tially higher in keratinocytes. To determine whether 
human LCs are more proficient than keratin- 
ocytes at metabolizing DMBA to a mutagenic 


product(s) that they then export, primary human 
LCs or keratinocytes were cultured with DMBA 
for 24 hours, and supernatants were harvested 
and then transferred onto new primary keratino- 
cyte cultures. After an additional 24-hour incu- 
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bation, the keratinocytes were assayed for DNA 
damage by yH2AX staining. Because keratino- 
cytes were grown in different media (EpiLife) 
than LCs [tryptophan-deficient RPMI: RPEMI™™}, 
controls included each medium cultured with 
DMBA for 24 hours (but without LCs or keratin- 
ocytes present). The supernatants from DMBA- 
treated LCs, but not those from identically treated 
keratinocytes, provoked a significant increase in 
DNA damage above baseline (Fig. 4, I and J). 
Hence, although DNA damage can result from 
the cell-autonomous breakdown of DMBA by 
keratinocytes, it is substantially increased by the 
actions in trans of human LCs. 

LCs survey the epidermis via both locomo- 
tion and repetitive extension/contraction of their 
dendritic processes and migrate to draining lymph 
nodes where their main function has been viewed 
as initiating and/or regulating adaptive immune 
responses (28). Here, however, a major pathophys- 
iologic role for LCs is described that is indepen- 
dent of adaptive immunity. Instead, it highlights 
the tissue-scavenging functions of LCs, by which 
they take up and metabolize chemical contami- 
nants of the epidermis. Although this capability 
may powerfully attenuate the potency of natural 
toxins, it may be confounded by industrial PAHs 
such as DMBA where the detoxified metabolites 
that are released are more mutagenic than the 
starting compound. Thus, this innate action of LCs 
increases DNA damage and specific Hras mu- 
tations in neighboring keratinocytes. Although fur- 
ther studies are necessary to determine the precise 
mechanism by which LCs transfer DMBA me- 
tabolites to keratinocytes, the proximity of LCs to 
basal keratinocytes is evident. Given that PAHs 
are highly prevalent in industrial pollution and 
that extracts of airborne particles topically applied 
to mouse skin results in SCC development that 
is Ahr dependent (29), PAH-containing particulate 
matter might represent an underappreciated envi- 
ronmental factor in human skin cancer. Activating 
Ras mutations are found in ~50% of human epi- 
dermal SCCs (30), and in xenografting experiments, 
the activation of Hras signaling (plus inhibition 
of NF-«B) was entirely sufficient to transform pri- 
mary human keratinocytes into SCCs (37). 

Although the capacity of keratinocytes to 
metabolize DMBA (32) and express CYP1A1, 
CYP1B1, and EPXH1 enzymes (33) has clearly 
been demonstrated previously, this is nonetheless 
insufficient to induce substantial tumor formation 
in the absence of LCs. Others have revealed 
the potential for nonepithelial stromal cells to ac- 
tivate PAH mutagens (34). The marked resistance 
of LC-deficient skin to chemical carcinogenesis, 
in an experimental system optimized for tumor 
formation, markedly establishes the capacity of 
LCs to substantially enhance the toxicity of envi- 
ronmental agents. Collectively, our data are con- 
sistent with a cooperative carcinogenicity scenario 
in which LC CYP1B1 and EPXH1 preferentially 
metabolize DMBA to DMBA-t-3,4-diol, which is 
subsequently delivered to adjacent keratinocytes 
wherein CYP1A1 converts the DMBA-t-3,4-diol 


to mutagenic DMBADE (fig. $2). Furthermore, 
our findings also provoke the possibility that lo- 
cally resident DC populations may enhance PAH- 
induced mutations and tumor development within 
other epithelial tissues, contributing to the risk of 
lung, colon, and genitourinary carcinomas. 
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Stop Signals Provide Cross Inhibition 
in Collective Decision-Making by 


Honeybee Swarms 


Thomas D. Seeley,** P. Kirk Visscher,” Thomas Schlegel,? Patrick M. Hogan,* 


Nigel R. Franks,? James A. R. Marshall? 


Honeybee swarms and complex brains show many parallels in how they make decisions. In both, 
separate populations of units (bees or neurons) integrate noisy evidence for alternatives, and, when one 
population exceeds a threshold, the alternative it represents is chosen. We show that a key feature 
of a brain—cross inhibition between the evidence-accumulating populations—also exists in a swarm as 
it chooses its nesting site. Nest-site scouts send inhibitory stop signals to other scouts producing waggle 
dances, causing them to cease dancing, and each scout targets scouts’ reporting sites other than her 
own. An analytic model shows that cross inhibition between populations of scout bees increases the 
reliability of swarm decision-making by solving the problem of deadlock over equal sites. 


he decision-making mechanisms in ner- 

| vous systems and insect societies are quite 
similar (/—3). In both types of systems, 

the decision-making process is a competition 


between mutually interacting populations of ex- 
citable units (neurons or individuals) that accu- 
mulate noisy evidence for alternatives, and, when 
one population exceeds a threshold level of activ- 
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ity, the corresponding alternative is chosen (4-7). 
An important feature of many of the models of 
neural decision-making is that each population of 
integrator neurons inhibits the activation of the 
others to a degree proportional to its own ac- 
tivation (8-10). These inhibitory connections help 
ensure that only one of the alternatives is chosen 
and may enable statistically optimal decision- 
making (3, 70). Given the importance of cross 
inhibition in neural decision-making circuits, we 
looked for cross inhibition in the social decision- 
making process of a honeybee swarm choosing a 
nest site. 

Honeybee swarms are produced in the spring 
when several thousand worker bees leave their 
hive with their mother queen to establish a new 
colony. The swarming bees cluster near the pa- 
rental hive for a few days while several hundred 
of the oldest bees in the swarm, the scout bees, 
find prospective nest sites and choose the best 
one (//, 12). We began our study with the finding 
that scout bees use a signal for the inhibition of 
waggle dances—the stop signal—during the pro- 
cess of choosing their swarm’s future home. We 
then observed swarms choosing between two 
nest boxes and found that the scout bees com- 
mitted to each box directed their stop signals 
mainly toward scouts promoting the other box; 
this created cross inhibition between the two pop- 
ulations of scout bees. Lastly, we explored the 
functional implications of this cross-inhibitory sig- 
naling by modeling the bees’ collective decision- 
making process. 

Honeybees possess an inhibitory signal, the 
stop signal, that is known to reduce waggle dancing 
and recruitment of foragers to food sources (7 3—/5). 
Bees that have been attacked while foraging produce 
stop signals upon return to the hive, preferentially 
targeting nestmates visiting the same food source 
(16). The stop signal is a vibrational signal that 
lasts about 150 ms, has a fundamental frequency 
around 350 Hz (/7), and is typically delivered by 
the sender butting her head against the dancer 
(73). Dancers usually do not show an immediate 
response to a stop signal. Rather, an accumula- 
tion of stop signals increases the probability that a 
bee will cease dancing. The stop signal enables a 
colony to reduce its recruitment to food sources 
that are perilous (/6). 

Knowing that foraging bees use the stop sig- 
nal to inhibit waggle dances advertising food 
sources, we explored whether house-hunting 
bees use this signal to inhibit dances advertising 
nest sites. We began by making video and sound 
recordings of nest-site scouts performing waggle 
dances on five swarms (/8). Close-up recordings 
of 40 dancers on two of these swarms (20 dancers 


‘Department of Neurobiology and Behavior, Cornell University, 
Ithaca, NY 14853, USA. “Department of Entomology, Uni- 
versity of California Riverside, Riverside, CA 92521, USA. 
3School of Biological Sciences, University of Bristol, Bristol BS8 
1UG, UK. “Department of Computer Science and Kroto Re- 
search Institute, University of Sheffield, Sheffield $1 4DP, UK. 


*To whom correspondence should be addressed. E-mail: 
tds5 @cornell.edu 


www.sciencemag.org SCIENCE 


per swarm) revealed the use of stop signals. 
These bees produced dances that lasted 74 + 54 s 
(mean + SD) and contained 24 + 20 dance cir- 
cuits, and 23 of these dancing bees received a 
total of 109 stop signals [(Fig. 1); 4.7 + 4.3 sig- 
nals per signaled bee] that were produced by 40 
different bees. Each bee that produced a stop 
signal followed a dancer for 3.0 + 1.5 dance cir- 
cuits before lunging toward the dancer, contact- 
ing her with head (98%) or thorax (2%) for 0.25 + 
0.44 s, and delivering 2.4 + 1.9 stop signals, each 
of which lasted 0.21 + 0.10 s. Senders dispro- 
portionately contacted dancers during the return 
phase of the dance (96 contacts) rather than the 
waggle phase (13 contacts) [if delivered in pro- 
portion to the lengths of these phases, 73.0 and 
36.0 contacts would be expected; chi-squared 
test, (1, 109) =21.9, P< 0.0001]. Dancing bees 
that received stop signals ceased dancing shortly 
(36 + 22 s) after they began to receive the signals. 
After ceasing to dance, 17 of the 23 bees walked 
quietly over the swarm cluster, 3 started to produce 
piping signals to stimulate others to warm up for 
departure (9), and 3 flew off. 

To clarify the relation between receiving stop 
signals and stopping dancing, we recorded 109 
dances on three more swarms and determined 
the distribution of the 525 stop signals received 
during these dances. Stop signals occurred more 
toward the ends of dances than expected if these 
signals had been given at random [(Fig. 1C); 
chi-squared test, x°(9, 525) = 234, P < 0.0001 
(all dances); ¥7(9, 358) = 58, P < 0.0001 (long 
dances)]|. Evidently, the stop signals caused the 
cessation of dancing. If the relation were not 
causal but instead were a result of stop signals 
and ends-of-dances both becoming more likely 
as dances progress, then longer dances should 
have begun receiving many stop signals midway 
through. Yet even in the long dances the stop 
signals were strongly overrepresented in the last 
circuits. It is likely that dances ended because 
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stop-signal inhibition exceeded some threshold 
in the final circuits. 

We next conducted an experimental study to 
determine how bees use the stop signal through- 
out a swarm’s process of choosing its nest site. 
We set up two swarms, one at a time, on an island 
devoid of natural nesting cavities and provided 
them with a choice of two identical nest boxes. 
Scout bees visiting the nest boxes were labeled 
with nest-box—specific paint marks (pink or yel- 
low). We recorded video of the scouts producing 
waggle dances and tracked them (one at a time) 
with a microphone to know when they received 
stop signals. In most cases (98.4%, = 1379), we 
could identify which bee produced a given stop 
signal; each time we heard one, we noted which 
bee standing near the dancer lunged toward and 
pressed against her. Nearly every stop signal 
(94.5%, n = 1357) was produced by a bee bear- 
ing a paint mark, hence, by a nest-site scout. 

There were notable differences in the colors 
of the paint marks of the scout bees delivering 
stop signals toward the dancers for the two nest 
boxes during the decision phase of the nest-site se- 
lection process, that is, when a swarm is choosing 
among possible nest sites. In both swarms, the 
pink and yellow dancers both received many more 
signals from different-colored bees (“contra sig- 
nals’’) than from same-colored bees (“‘ipsi signals”): 
contra signals, 213, from at least 46 bees; ipsi sig- 
nals, 24, from at least 14 bees. Moreover, both 
pink and yellow dancers received disproportion- 
ately more contra signals than would be expected 
if the signals had been delivered in proportion 
to the number of scouts of each color marked at 
the times of their dances [Fig. 2; chi-squared test, 
¥7(1, 237) = 114.55, P< 0.0001 (analysis of sig- 
nals); y°(1, 60) = 16.18, P< 0.0001 (analysis of 
minimum signalers); see (78) for explanation 
of the two statistical analyses]. How the scout 
bees discriminated the two types of dancers is not 
known. They may have decoded the location of 
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each dance or—as is the case for stop-signaling 
bees in the context of foraging (/3)—they may 
have used odor differences. Because stop signals 
were delivered to unmarked bees in the first five 
swarms studied, visual cues from the paint marks 
were most likely not involved. 

During the implementation phase, that is, 
when a swarm has finished choosing its nest site 
and is preparing to move there, the scout bees 
no longer directed their stop signals primarily 
at dancers advertising the other site. In both 
swarms, pink and yellow dancers received contra 
signals (185 from at least 70 signalers) and ipsi 
signals (210 from at least 79 signalers) in pro- 
portion to the number of different-colored scouts 
and same-colored scouts marked at the time of 
their dances [chi-squared test, x7( 1, 395) = 1.49, 
P <0.23 (analysis of signals); (1, 149) = 0.34, 
P <0.56 (analysis of minimum signalers)]. 

Thus, in both swarms there was evidence of 
cross inhibition between the two groups of scout 
bees when these groups were competing to reach 
a threshold (quorum). Once one group did so, in- 
dicated by the onset of worker piping (/9), there 
was a general inhibition of waggle dancing. Shut- 
ting down recruitment during the implementation 
phase through stop signaling helps ensure that all 
the scout bees will be present on the cluster when 
the swarm flies to the chosen site. 

This interpretation of the results of the two- 
nest-boxes trials is confirmed by the results from 
two additional swarms that made a “choice” with 
only one nest box under consideration. If stop 
signals function mainly for cross inhibition of 
waggle dances in the decision phase and for 
general inhibition of dances in the implementa- 
tion phase, then in the decision phase the pro- 
portion of dancers receiving stop signals should 
be smaller in the one-nest-box trials than in the 
two-nest-boxes trials. In the implementation phase, 
however, the proportion should not be smaller in 
the one-nest-box trials. These are precisely the 
patterns that we found. In the decision phase, 
only 26% of dancers (n = 38) received stop 
signals when one nest box was under consider- 
ation, whereas 66% (n = 74) did so when two 
boxes were [Fig. 2; chi-squared test, y7(1, 112) = 
16.03, P< 0.0001)]. In the implementation phase, 
the respective percentages are 86% (n = 148) and 
77% (n = 133) (chi-squared test, y(1, 281) = 
3.92, P=0.05)]. 

We have demonstrated that the stop signal is 
an integral part of the decision-making process 
used by a honeybee swarm to choose its nest site. 
During the initial phase of the process, when the 
choice is being made, this signal creates cross 
inhibition between populations of scout bees rep- 
resenting different sites. This cross inhibition cur- 
tails the production of waggle dances for, and 
thus the recruitment of bees to, a competing site. 
Because we know from previous studies (20, 2/) 
that when a scout bee stops producing waggle 
dances for a site she soon stops making visits to 
the site, we can be confident that the cross in- 
hibition created with the stop signal also inhibits 


the number of bees visiting a competing site. Thus, 
it appears that the stop signals in bee swarms 
serve the same purpose as the inhibitory con- 
nections in models of decision-making in primate 
brains, such as the Usher-McClelland (U-M) mod- 
el: to suppress the activity levels of integrators 
representing different alternatives (3, 8). 

The similarities between the decision-making 
processes in honeybee swarms and in the U-M 
model are notable. In both, there are populations 
of units (bees or neurons) that act as mutually 
inhibitory, leaky integrators of incoming evidence, 
and in both the choice is made when the inte- 
grated evidence supporting one of the alternatives 
exceeds a threshold (/2). To understand the im- 
plications of the observed stop-signaling behavior, 
we have modeled the collective decision-making 
process of the bees by using ordinary differential 
equations rigorously derived from the individual- 
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level interaction rules that we have determined 
through empirical observations (/8). These equa- 
tions enabled us to analytically describe the aver- 
age population-level behavior of the scout bees 
over time. The models of decision-making that 
we analyzed in this manner were (i) a model 
proposed to enable statistically optimal collective 
decision-making through individual bees induc- 
ing each other to directly change their commitment 
(3), (i) a model based on the observed stop- 
signaling behavior of honeybees but assuming 
that stop signals are delivered indiscriminately to 
all bees encountered, and (iii) a model based on 
the observed stop-signaling behavior but includ- 
ing the observation that stop signals are largely 
delivered to bees dancing for a site that differs 
from the one the signaler has encountered. 

The results of this modeling work, illustrated 
in Fig. 3 and presented in detail in (/8), are 
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Fig. 2. Patterns of stop signaling and of growth in the populations of scout bees with paint marks 
throughout the nest-site selection processes of four swarms. In the upper portion of each graph, each 
dance observed is represented by a tic if it received no stop signals or a colored bar indicating the number 
of stop signals received from scouts marked with each color (rare unmarked signalers are not shown). A 
vertical arrow indicates the onset of worker piping, the acoustic signal produced by scouts to stimulate the 
nonscouts in a swarm to prepare to fly to the chosen site (29). Hence, each vertical arrow marks the 
transition from making to implementing the swarm’s choice. (A and B) Results for trials with two nest 


boxes or one nest box, respectively. 
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Fig. 3. Dynamical behavior of the different models described in the text, 
demonstrating how discriminate cross inhibition enhances the decision- 
making reliability of a honeybee swarm. The two axes show the proportions of 
a swarm’s scout bees, ‘¥, and ‘’p, that are committed to two alternative nest 
sites, A and B, respectively. The directions and lengths of arrows illustrate net 
change in these proportions over a fixed time interval and so represent the 
dynamical behavior of the models. Stable and unstable fixed points are shown 
as solid and open black circles, respectively. (A) The direct-switching model of 
(3) with finite decay and equal alternatives, showing convergence to stable 
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deadlock between the available sites. (B) The discriminate stop-signaling 
model with equal alternatives but with incidence of stop signaling below the 
critical threshold, so that the stable deadlock seen in (A) persists. (C) The 
model shown in (B), but with the incidence of stop signaling above the critical 
threshold; as a result, the swarm randomly achieves a consensus for one of the 
two equal alternatives. (D) The model shown in (B) and (C), but with the 
difference in the qualities of the two alternatives exceeding a critical thresh- 
old; as a result, the swarm is expected to converge on a consensus for the 
superior alternative. 


conclusive. They show that, for the first model 
(i), given just the tiniest amount of decay from 
the integrating populations of scouts (probably 
inescapable in a real biological system), a deci- 
sion between two equal alternatives (as studied 
empirically in this paper) inevitably results in a 
stable deadlock with equal numbers of scouts 
committed to the two alternatives. When one site 
gains a majority of scouts, the switching of scouts 
from it to the other site increases, forcing the 
system back to a state of equal commitment [Fig. 
3A and (/8)]. Such stable deadlock is clearly sub- 
optimal, because it will result in the swarm never 
achieving a consensus; this could mean the swarm 
never lifts off. If it does, the equal numbers of 
scouts committed to two different sites will cause 
problems for the swarm’s cohesiveness as it at- 
tempts to fly to its new home (22, 23). The same 
situation occurs for the indiscriminate stop-signal 
model (ii) when the alternatives are equal (/8). 
Stable deadlock is also observed for the discrim- 
inate stop-signaling model (iti) when the incidence 
of stop signaling is below a critical threshold (Fig. 
3B). Once that threshold is exceeded, however, 
two stable attractors appear, one for each nest site, 
and the swarm chooses at random between the 
two equal alternatives [Fig. 3C and (/8)]. Such 
signaling behavior thus breaks the deadlock of 
the previous models and allows the swarm to 
quickly converge on a consensus decision. Im- 
portantly, this discriminate stop-signaling model 
is in accordance with experimental observations 
(Fig. 2). Intriguingly, when the difference in the 
qualities of the two alternatives exceeds a critical 


threshold, the swarm is expected to converge on 
the better of the two options [Fig. 3D and (/8)]. 

For neural models of decision-making, cross 
inhibition between integrating populations is cru- 
cial for effective decision-making and has been 
shown to allow optimal decisions under some 
circumstances (10, 24). As we have shown here, 
cross inhibition between integrating populations 
is also present in honeybee swarms and is very 
important for their success when making deci- 
sions. It is tempting to think that the ability to 
implement a highly reliable strategy of decision- 
making is what underlies the astonishing conver- 
gence in the functional organization of these two 
distinct forms of decision-making system: a brain 
built of neurons and a swarm built of bees. 
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www.facebook.com/AAAS.Science 
and www.twitter.com/AAASMeetings, 
#AAASMtg 


Reporters: The EurekAlert! Web site hosts 
the AAAS Meeting Newsroom. Reporters 
can obtain details and register at: 
www.eurekalert.org/aaasnewsroom 


MVAAAS 


ADVANCING SCIENCE, SERVING SOCIETY 


AAAS presents the 


2012 AAAS Annual Meeting 
Flattening the World: Building a 
Global Knowledge Society 


Nina V. Fedoroff 
AAAS President and 2012 Program Chair 


Dear Colleagues, 


The Annual Meeting is one of the most widely recognized 
global science events with hundreds of networking oppor- 
tunities and broad global media coverage. An exceptional 
array of speakers will gather from 16-20 February in Vancouver, BC. The theme 
of “Flattening the World: Building a Global Knowledge Society” is intended 

to focus the program on the complex, interconnected challenges of the 21st 
century and on pathways to global solutions through international, multidisci- 
plinary efforts. 


Once annually, AAAS sponsors an international conference — four days of 
symposia, lectures, seminars, workshops, and poster sessions that cover 
every area of science, technology, and education. Typically attendees hail from 
nearly 60 countries, and everyone is welcome. Those who join us will have the 
opportunity to choose from among a broad range of activities, including plena- 
ry and topical lectures by some of the world’s leading scientists and engineers, 
career development workshops, and an international exhibition. 


AAAS also organizes a unique community science showcase that offers an 
array of hands-on demonstrations and other family- and child-friendly activi- 
ties. Spanning two days in the Exhibit Hall, the free Family Science Days help 
to shine a spotlight on researchers and science educators who are working in 
both formal and informal settings to stimulate broad public interest in science 
and technology. 


AAAS last convened outside the United States in 1981 in Toronto. We will meet 
in Vancouver in 2012 for the first time. The science and technology community 
in Canada has provided invaluable assistance with our planning efforts, which 
| gratefully acknowledge. Our sections, divisions, and committees also make 
tremendous contributions, which are integral to the program. | also extend 

a personal thanks to the members of the Scientific Program Committee who 
organize the many excellent ideas and contributed proposals submitted into 
an outstanding meeting. 


| urge you to join us in Vancouver. 


Nina V. Fedoroff 

AAAS President and Program Chair; 

Evan Pugh Professor, Huck Institutes of the 

Life Sciences, Penn State University; 

Distinguished Visiting Professor, 

King Abdullah University of Science and Technology 
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President’s Address 
Thursday, 16 February 


Nina V. Fedoroff 
Distinguished Visiting 
Professor, King Abdullah 
University of Science and 
Technology, and Evan Pugh 
Professor, Huck Institutes 
of the Life Sciences, 
Pennsylvania State University 


Dr. Fedoroff is a leading geneticist and 
molecular biologist who has contributed 

to the development of modern techniques 
used to study and modify plants. Under the 
administrations of Presidents George Bush 
and Barack Obama, she served as Science 
and Technology Adviser to the Secretary of 
State and to the Administrator of the U.S. 
Agency for International Development. She 
is a member of the U.S. National Academy 
of Sciences, the American Academy of Arts 
and Sciences, and the Phi Beta Kappa and 
Sigma Xi honorary societies. Her member- 
ships include the Board of Trustees of 

the Library of Alexandria, Egypt, and the 
Board of Governors at the Institute for 
Complex Adaptive Matter of the Los Alamos 
Laboratory. 


Plenary Speakers 
Friday, 17 February 


Mike Lazaridis 
President and Co-Chief 
Executive Officer, Research 
In Motion (RIM); Founder 
and Board Chair, Perimeter 
Institute for Theoretical 
Physics 


The Power of Ideas 


Mr. Lazaridis is known in the global wireless 
community as a visionary, innovator, and 
engineer of extraordinary talent. He traces 
his passion for his ideas and hard work 

to his boyhood home of Windsor, Ontario, 
Canada, where his love of science and 
fascination with electronics were nurtured 
in supportive family and school environ- 
ments. While a student in Waterloo, 
Ontario, an entrepreneurial community 

that has emerged into a high-tech hotbed 
and knowledge economy focal point, he 
founded RIM, launching the smart phone 
phenomenon with the BlackBerry. Today he 
is responsible for product strategy, research 
and development, product development, 


and manufacturing. Mr. Lazaridis, born in 
Istanbul, is also a passionate advocate for 
education and scientific research. He sup- 
ports his community, province, and country 
through his many insights, global perspec- 
tive, and his generous philanthropic gifts 
made possible by success in business. 


Saturday, 18 February 


Plenary Panel 
Science Is Not Enough 


An exceptional plenary panel will arm 
scientists, educators, and students with 
finely worded messages to influence 
public perceptions and debate about- 
science-related global challenges. 


James Hansen 

Head of the NASA Goddard 
Institute for Space Studies 
known for raising broad 
awareness of the global 
warming issue. 


Olivia Judson 

An evolutionary biologist 
and journalist who often 
writes about the influence 
of science and biology on 
modern life. 


Hans Rosling 

A global health professor at 
the Karolinska Institute and 
Gapminder’s co-founder 
who dispels myths about 
the developing world. 


Frank Sesno 
Moderator 


The panel will be mod- 
erated by Frank Sesno, 

an award-winning American journalist, 
former CNN correspondent, anchor and- 
Washington bureau chief, and director of 
the School of Media and Public Affairs at 
George Washington University. 


Sunday, 19 February 


Ismail Serageldin 
Director, The New Library of 
Alexandria 


Science and Democracy 


Dr. Serageldin, an Egyptian 
national, has advocated for 
greater equality in science and society at 
large, and has been hailed as a champion 
for using science in sustainable develop- 
ment and for liberating minds from the 
tyranny of intolerance, bigotry, and fear. 
Throughout his illustrious career, Serageldin 
has earned a reputation for applying sci- 
ence to nearly every type of global problem. 
He is perhaps most highly regarded for his 
attempts to combat hunger in developing 
countries through the promotion of sustain- 
able agriculture. Today, he is the director 

of the New Library of Alexandria, a major 
cultural and intellectual center built in 2002 
near where the famed Library of Alexandria 
stood from 288 B.C.E. until approximately 
400 C.E. when it was destroyed. Serageldin 
played a leading role in founding the new 
library, hoping that the institution would 
rekindle the great intellectual heritage that 
had defined the Arab and Muslim world. 


Monday, 20 February 
Frans B.M. de Waal 


C. H. Candler Professor of 
Psychology, and Director, 
Living Links Center, Yerkes 
Primate Center, Emory 
University 


Good Natured: From Primate Social 
Instincts to Human Morality 


Dr. de Waal is a Dutch American behav- 
ioral biologist known for his work on the 
social intelligence of primates. His first 
book, Chimpanzee Politics, compared the 
schmoozing and scheming of chimpanzees 
involved in power struggles with that of 
human politicians. Ever since, de Waal 
has drawn parallels between primate and 
human behavior, from peacemaking and 
morality to culture. His latest book is The 
Age of Empathy: Nature’s Lessons fora 
Kinder Society. He is a member of the 

U.S. National Academy of Sciences, the 
American Academy of Arts and Sciences, 
and the Royal Dutch Academy of Sciences. 
In 2007, Time selected him as one of the 
Worlds’ 100 Most Influential People Today. 
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Topical Lecture Series 


Karen Bakker 
Professor of Geography 
and Director, Program on 
Water Governance, Univer- 
sity of British Columbia; 
Canada Research Chair in 
Political Ecology 

Water Privatization, Urbanization, and 
Development 


Donald B. Dingwell 
Secretary General, European 
Research Council 

Explosive Volcanism in the 
Earth System 


Lillian Eva Dyck 
Senator, Parliament of 
Canada; Professor Emerita, 
University of Saskatchewan; 
Member of the Gordon First 
Nation in Saskatchewan 
The Medicine Wheel and 
Western Science 


Michael Hayden 
Professor of Medical 
Genetics; Director, Center 
for Molecular Medicine and 
Therapeutics, University of 
British Columbia; Canada 
Research Chair in Human 
Genetics and Molecular Medicine 
Translating the Benefits of the Genetic 
Revolution for Humankind 


Nobutaka Hirokawa 
Distinguished Project 
Professor, Departments of 
Cell Biology and Anatomy, 
and Molecular Structure and 
Dynamics, University of Tokyo 
Kinesin Superfamily 
Molecular Motors: From Intracellular 
Transport to Brain Development, 

Wiring, and Learning and Memory 


Steve MacLean 
President, Canadian 
Space Agency 
International S&T 
Collaboration 


Julio Montaner 
Professor and Head of 
Division of AIDS, University 
of British Columbia; Director 
of the BC Centre for Excel- 
lence in HIV/AIDS, Provi- 
dence Health Care 

Toward the Control of HIV and AIDS: 
Comprehensive Treatment as Prevention 


Yolanda Moses 
Professor, University of 
California, Riverside 
Origins of Social Inequal- 
ity in Complex Societies 


Carl Wieman 
Associate Director for 
Science, Office of Science 
and Technology Policy, 
U.S. White House 

A Scientific Approach to 
Science Education 


JOHN P. MCGOVERN LECTURE IN 
THE BEHAVIORAL SCIENCES 


Joseph LeDoux 
Henry and Lucy Moses 
Professor of Science and 
University Professor, 
Center for Neural Science, 
New York University; 
Director, Center for the 
Neuroscience of Fear and Anxiety 

The Emotional Brain 


GEORGE SARTON MEMORIAL 
LECTURE IN THE HISTORY AND 
PHILOSOPHY OF SCIENCE 
Robert Smith 
Professor of History and 
Classics, University of 
Alberta 
Making Science Big: 
From Little Science to 
Megaprojects? 


Seminars 


Friday, 17 February 


Unlocking Biology’s 
Potential 


Biology research addresses timely topics 
of deep impact, permeating almost every 


aspect of global development, including 
natural processes that affect food, water, 
energy, the environment, and health. 


Can Proteomics Fill the Gap Between 
the Genome and Phenotypes? 
Organized by Christopher Mark Overall, 
University of British Columbia; Gilbert S. 
Omenn, University of Michigan, Ann Arbor 


SPEAKERS 
Christopher Mark Overall, University of British 
Columbia 
Travelling to the Ends of the Proteome World 
with Terminomics and Degradomics 
Andrew Emili, University of Toronto 
A Hidden Connection Is Stronger than an 
Obvious Connection in the Proteome World 
Pascale Gaudet, Swiss Institute of Bioinformatics 
The Next Big Thing: Bringing the Human 
Proteome Project to the World 


Delivering on the Promise of the 
Human Genome Project 

Organized by William T. Beck, University 
of Illinois, Chicago; M. Guill Wientjes, Ohio 
State University 


SPEAKERS 

Daniel D. von Hoff, Translational Genomics 

Research Institute 
The Human Genome Project 11 Years Later: 
New Medical Treatments for Humanity 

Anil K. Sood, MD Anderson Cancer Center 
Small Interfering RNA: Promises for Treatment, 
Problems in Delivery 

Patrick S. Stayton, University of Washington 
siRNA Delivery Through Advances in Polymer 
Carriers and Nanotechnology 


Predictive Medicine 
Organized by Richard C. Willson, University 
of Houston; Russell Lefevre, IEEE-USA 


SPEAKERS 
Larry Gold, University of Colorado and 
Somalogic 
Unlocking Biomarker Discovery 
Michael R. Hayden, University of British 
Columbia, Vancouver 
The Experimental Man 
John Haynes, National Aeronautics and Space 
Administration (NASA) 
NASA's Use of Remote Sensing To Enable 
Predictive Health 


Seeing Biosphere’s Dark Matter: 
Genomic Methods on Unculturable 
Microbial Diversity 

Organized by Claudio Slamovits, Dalhousie 
University; Patrick J. Keeling, University of 
British Columbia 


SPEAKERS 
Alexandra Z. Worden, Monterey Bay Aquarium 
Research Institute 
Activity, Diversity, and Genetic Make-Up of 
Wild Marine Photosynthetic Eukaryotes 
Patrick J. Keeling, University of British Columbia 
Bringing Molecular and Genomic Data to the 
Uncultivable Masses 
Forest Rohwer, San Diego State University 
The Human Virome 


To browse the updated program, register, and reserve hotel rooms, visit www.aaas.org/meetings. 
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Saturday, 18 February 
Revealing the Universe 


Space missions are often multinational 
collaborations. The required expertise to 
pursue them often spans across several 
nations, and their costs and benefits can be 
shared globally. 


The Fermi Gamma-Ray Mission: 
Transforming Our View of the High- 
Energy Universe 

Organized by Saega Dil Vrtilek, Harvard- 
Smithsonian Center for Astrophysics; Julie 
McEnery and Neil Gehrels, NASA Goddard 
Space Flight Center 


SPEAKERS 

Julie McEnery, NASA Goddard Space Flight Center 
The Fermi Mission and the High-Energy, 
Gamma-Ray Sky 

David Smith, Centre d’Etudes Nucléaires de 

Bordeaux Gradignan 
Pulsars 

Peter Meszaros, Pennsylvania State University 
Gamma Ray Bursters 

Alan Marscher, Boston University 
Gamma Ray Blazers: Jets from Super Massive 
Black Holes in Galactic Nuclei 

Luca Latronico, Istituto Nazionale di Fisica Nucleare 
The Spectrum of Cosmic Ray Electrons and 
Positrons 


The Life Cycle of Matter in Galaxies: 
Results from the Herschel Space 
Observatory 

Organized by Margaret Meixner, Space Tele- 
scope Science Institute 


SPEAKERS 

Paul Goldsmith, Jet Propulsion Lab 
The Herschel Space Observatory: An 
International Astronomical Submillimeter 
Observatory 

David A. Neufeld, Johns Hopkins University 
The Formation of Interstellar Molecules 

Christoffel Waelkens, Instituut voor Sterrenkunde 
The Mass Loss Return from Stars to the 
Interstellar Medium 

Peter G. Martin, University of Toronto 
Insights on Star Formation in the Milky Way: 
Cold, Dusty Beginnings 

Christine Wilson, McMaster University 
Dust, Gas, and Star Formation in Nearby 
Galaxies: New Results 

Asantha R. Cooray, University of California, Irvine 
Dust, Gas, and Stars: Astrophysics of Matter in 
High-Redshift Galaxies 


Sunday, 19 February 


Climate Change in 
Northern Latitudes 


In the Northern regions, the melting of 
Arctic ice is just the tip of the iceberg. This 
frozen region “hides” 1,700 billion tons of 
organic carbon, the melting of which could 
accelerate warming. 


Causes and Effects of Relative Sea- 
Level Changes in the Northeast Pacific 
Organized by Brian F. Atwater, U.S. Geologi- 
cal Survey (USGS), Seattle; C.K. Shum, Ohio 
State University; Ester Sztein, U.S. National 
Academies 


SPEAKERS 

John J. Clague, Simon Fraser University 
Impacts of Rising Seas on the British Columbia 
Coast in the 21st Century 

Denise J. Reed, University of New Orleans 
Surviving Sea-Level Rise: What Can Be Done To 
Maintain Viable Coastal Wetlands? 

David Flanders, University of British Columbia 
Flood Adaptation Near Vancouver: A Regional 
Adaptation Collaborative 


DISCUSSANTS 
Margaret Davidson, NOAA; Philip R. Hill, 
Geological Survey of Canada 


Forest Fires in Canada: Impacts of 
Climate Change and Fire Smoke 
Organized by Charmaine Dean, Simon Fraser 
University 


SPEAKERS 

Mike Brauer, University of British Columbia 
Fires, Smoke, and Health: Impacts and 
Prevention 

Richard Routledge, Simon Fraser University 
Fire History in Ponderosa Pine Grasslands: 
Lessons from the Past 

Douglas Woolford, Wilfrid Laurier University 
Detecting Temporal Changes in the Seasonality 
of Forest Fire Risk in Canada 

Fay Johnston, University of Tasmania 
The Estimated Global Mortality Burden 
Attributable to Landscape Fire Smoke 

Mike Flannigan, Natural Resources Canada 
Global Fire and Climate Change 

Francis Zwiers, University of Victoria 
Has There Been a Human Effect on Surface Air 
Temperature Extremes Regionally? 


Northern Soils: What if They Thaw? 
Organized by Luca Montanarella and Ger- 
aldine Barry, European Commission, Joint 
Research Center (JRO) 


SPEAKERS 

Luca Montanarella, JRC Institute for Environment 

and Sustainability 
What Lies Beneath the Soils of the Northern 
Circumpolar Region? 

Charles Tarnocai, Agriculture and Agri-Food Canada 
Soil Organic Carbon Pools in the Northern 
Circumpolar Region 

Charles Koven, Lawrence Berkeley National 

Laboratory 
Frozen Soil Carbon and Its Impact on Climate 
Change 


Special Sessions 


Thursday, 16 February 


A Global Movement in Support of 
Inquiry-Based Science Education 


International science academies will show- 
case their efforts to support quality science 


education through discussions, poster 
sessions, and hands-on demonstrations. 
Academies with a proven history of reaching 
out to and involving science, technology, 
education, and mathematics (STEM) profes- 
sionals can mentor those academies and 
other science organizations that have little 
or no experience in this area. 


Responsible Professional Practices in 
a Changing Research Environment 


Research integrity is at the core of doing 
good science, and is a critical factor for 
achieving accountability. The primary con- 
text for the workshop will be international 
collaborations, with special coverage of: 
investigator and institutional responsibili- 
ties in such research; research integrity 
issues in cross-cultural research; and strate- 
gies for preparing graduate students and 
post-docs for dealing with ethical issues 
that can arise in international partnerships. 


Symposium Tracks 


Climate 


Adapting to Climate Change: The Case 
of Bangladesh 

Organized by James Scott Hauger, Asia- 
Pacific Center for Security Studies; A.N.M. 
Muniruzzaman, Bangladesh Institute of 
Peace and Security Studies 


Chemistry in the Clouds: Impacts of 
Aerosols on Climate Change 

Organized by Kimberly Prather, Scripps 
Institution of Oceanography; Vicki Grassian, 
University of lowa 


Climate Change and Human Evolution: 
Problems and Prospects 

Organized by Mark Collard, Simon Fraser 
University, Burnaby, BC; Bernard Wood, 
George Washington University 


Climate Change and the Long-Term 
Sustainability of Human Societies 
Organized by Thomas McGovern, City Uni- 
versity of New York; Margaret C. Nelson, 
Arizona State University 


Climate Solutions: The Challenges of 
Getting to 350 

Organized by Charles H. Greene, Cornell 
University 


Designing Marine-Protected Area 
Networks Within Changing Global 
Climate Conditions 

Organized by Robert J. Brock, National 
Oceanic and Atmospheric Administration 
(NOAA); Anice Anderson, Private Consultant 
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Developing Integrated Understanding 
of Global Climate Using Dynamic 
Visualizations 

Organized by Marcia Linn, University of Cali- 
fornia, Berkeley 


The Future of Ecological Communities 
Under Climate Change: No Analog? 
Organized by David Skelly, Yale University, 
New Haven, CT; Mark Urban, University of 
Connecticut; Phoebe Zarnetske, Oregon 
State University 


International Lessons in Cyberspace: 
Student Learning About Climate Change 
Organized by Kirsten H. Sanford, Specialty 
Studios 


Improving Societies Ability To Make 
Climate Decisions: A Synergetic Model 
Organized by Frank Niepold, NOAA 


Indigenous Perspectives on Climate 
Change 

Organized by Robert E. Megginson, Univer- 
sity of Michigan, Ann Arbor 


Non-Carbon Dioxide Greenhouse 
Gases and Aerosols: Climate Science 
Information for Decisions 

Organized by Venkatachalam Ramaswamy, 
NOAA Geophysical Fluid Dynamics Lab 


Collaboration 


Analogy in Applications of 
Mathematics and Statistics to Other 
Disciplines 

Organized by Benjamin Mann, Ayasdi Inc.; 
Jack Morava, Johns Hopkins University 


Coordinating, Learning, and Sharing 
Best Practices Among Scientific 
Diaspora Networks 

Organized by Marcelo Vinces, National Sci- 
ence Foundation (NSF); Pallavi Phartiyal, 
AAAS Science and Policy Programs 


Documenting a Changing 

Ocean Through International 
Multidisciplinary Collaborations 
Organized by Roger Francois, University 
of British Columbia, Vancouver; Roberta 
Hamme, University of Victoria; Andrey 
Proshutinsky, Woods Hole Oceanographic 
Institution 


The Earth Microbiome Project: 
Modeling the Microbial Planet 
Organized by Jack A. Gilbert, Argonne 
National Laboratory 


Global Knowledge Collaborations: The 
Atlas of Islamic World Science and 
Innovation 

Organized by Naser Faruqui, International 
Development Research Center 


Global Knowledge: The Challenge of 
Diversity and Localism 

Organized by Sandra D. Mitchell, University 
of Pittsburgh 


HUBzero: Building Collaboratories for 
Research on a Global Scale 

Organized by Michael McLennan, Purdue 
University 


New Concepts in Integrating Arts 

and Science Research for a Global 
Knowledge Society 

Organized by Rieko Yajima, AAAS Center for 
Science, Policy and Society Programs; Guna- 
lan Nadarajan, Maryland Institute 

College of Art 


Particle Physics: Pushing Back the 
Frontiers of Global Collaboration 
Organized by Robert McPherson, University 
of Victoria; William Trischuk, University of 
Toronto 


Physical Sciences Approaches to 
Cancer: Growing Interdisciplinary 
Collaborations 

Organized by Jan Liphardt and Saheli Datta, 
University of California, Berkeley 


Population, Development, and 
Environment: Solutions for Global 
Challenges 

Organized by E. Megan Davidson Averill and 
Tricia Petruney, FHI 360 


Quantum Information Science and 
Technology: A Global Perspective 
Organized by Charles W. Clark, Joint Quantum 
Institute; Amy Wang, Tsinghua University 


Successful Interdisciplinary 
Collaboration: Insights from Practice 
and Theory 

Organized by Melanie Roberts, University 
of Colorado, Boulder; Edward G. Derrick, 
AAAS Center for Science, Policy, and Society 
Programs 


Toward a Global Lab: Building Science 
Capacity in Developing Countries 
Organized by Kathryn L. Lovero and 
Bertram Koelsch, University of California, 
San Francisco; Lina Nilsson, University of 
California, Berkeley 


Transcending Interdisciplinary 
Research Barriers: Best Practices for 
Mobilizing Knowledge 

Organized by Dawn R. Bazely, York Univer- 
sity, Toronto; Andrew Tanentzap, Biodiversity 
and Conservation, Landcare Research 


Communication 

Beyond Climate Models: Rethinking 
How To Envision the Future with 
Climate Change 

Organized by Arnim Wiek, Arizona State 
University, Tempe; Olaf Gerhard Schroth 
and Stephen Sheppard, University of British 
Columbia 


Communicating Climate Change: 
Meeting the Challenge of Broad 
Engagement 

Organized by Thomas R. Karl, NOAA National 
Climatic Data Center 


Community-Engaged Scholarship: 
Co-Producing Knowledge for Societal 
Impact 

Organized by Sarena Seifer, University of 
Guelph 


Endangered and Minority Languages 
Crossing the Digital Divide 

Organized by K. David Harrison, Swarthmore 
College; Claire Bowern, Yale University 


Everyone’s an Expert but Who Is 
Listening? 

Organized by Jan Riise, European Science 
Events Association 


Globalization Then and Now: Scale, 
Complexity, and Communication of 
Sustainability 

Organized by Carey King, University of Texas, 
Austin; Joseph Tainter, Utah State University, 
Logan 


Innovations in Reducing International 
Knowledge Isolation 

Organized by Charles Dunlap, CRDF; Vinton 
Cerf, Google Inc. 


Misreporting Fukushima: A Failure 
of Science Journalism with Global 

Repercussions? 

Organized by Julia Wilson, Sense About 
Science; Michael Hanlon, The Daily Mail 


Perspectives from Science Media 
Centers: Should Scientists Bother 
with Media? 

Organized by Dacia Herbulock, Science 
Media of New Zealand; Penny Park, Science 
Media Centre of Canada 


The Roles of Citizen Science and 
Serious Leisure in Public Engagement 
with Science 

Organized by Eric Jones, University of North 
Carolina, Greensboro; Martin Storksdieck, 
U.S. National Research Council 


Science, Sustainability, and the Arts 
Organized by Eugene A. Rosa, Washington 
State University; Thomas Dietz, Michigan 
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State University, East Lansing 


Sharing Science with the Public 
Worldwide: Resources for Informal 
Education Outreach 

Organized by Larry Bell, Museum of Science, 
Boston 


Unmuzzling Government Scientists: 
How To Re-Open the Discourse 
Organized by Binh An Vu Van, Association 
des Communicateurs Scientifiques, 
Montreal 


Using Pop-Culture Icons To Slip 
Science into the Mainstream 
Organized by E. Paul Zehr, University of 
Victoria 


Culture 


The American Society in 2035 
Organized by John T. Cacioppo, University 
of Chicago 


Archaeoacoustics: Did Ancient 
Civilizations Use Acoustic Design To 
Create Powerful Ritual Spaces? 
Organized by David Lubman, Acoustical 
Society of America and Institute of Noise 
Control Engineering 


Constructing a Human World Fit for 
Nature 

Organized by Mimi E. Lam, University of Brit- 
ish Columbia, Vancouver 


Creating a Global Knowledge Society: 
Lessons from History, Philosophy, and 
Sociology 

Organized by Heather E. Douglas, University 
of Tennessee, Knoxville 


Culture and Controversy in Science 
Education Engagement 

Organized by Gregory Van Doren, White Earth 
Tribal and Community College; Lawrence K. 
Duffy, University of Alaska, Fairbanks 


Early Career Scientists in a Flat World 
Organized by Rees Kassen, University of 
Ottawa 


The Effects of Early Experience on 
Lifelong Functioning: Commitment and 
Resilience 

Organized by Stephen J. Suomi, Eunice 
Kennedy Shriver National Institute of Child 
Health and Human Development; Janet F. 
Werker, University of British Columbia, 
Vancouver 


Gesture, Language, and Performance: 
Aspects of Embodiment 


Organized by Philip Rubin, Haskins Labora- 
tories 


Globalizing Indigenous Architecture: 
The Power of Tradition, Providing for 
the Future 

Organized by Omeasoo Butt, University of 
Saskatchewan 


Late Talkers in Any Language: Finding 
Children at Risk Worldwide 

Organized by Nan Bernstein Ratner, Univer- 
sity of Maryland, College Park 


Making Visible the Invisible 
Organized by Lynnette Leidy Sievert, 
University of Massachusetts, Amherst 


Neuroscience and Criminal Justice in 
the 21st Century: A Cross-Country View 
Organized by Michael J. Zigmond, University 
of Pittsburgh; Judy Illes, University of British 
Columbia, Vancouver 


Scientific Humanists and Humanistic 
Scientists:Flattening the World with 
Anthropology 

Organized by Agustin Fuentes, University of 
Notre Dame 


Six Things Everyone Cares About: 
Connecting Ecosystems and Human 
Well-Being 

Organized by Mary Ruckelshaus and Anne 
Guerry, Natural Capital Project 


The Social Consequences of Mass 
Imprisonment in the United States 
Organized by William Alex Pridemore, 
Indiana University, Bloomington 


Development 


Anthropology and Engineering: 
Technological Innovations in Global 
Health 

Organized by Margaret Bentley, University 
of North Carolina, Chapel Hill; Ram Sriram, 
National Institute of Standards and Technol- 
ogy (NIST); Don Giddens, Georgia Institute 
of Technology 


Bridging Conservation and 
Development: A Comparison of Latin 
America and Africa 

Organized by Claudia Romero, University of 
Florida, Gainesville; Jean-Gael E. Collomb, NSF 


Conquering the Final Frontier: The 
Importance of Space Technologies in 
All that We Do 

Organized by Stephan Lechner, JRC Institute 
for Protection and Security of the Citizen; 
William Murtagh, NOAA Space Weather Pre- 
diction Center 


The Future of Mineral Resource 
Dependence in the 21st Century 
Organized by Samir Doshi, Queen’s Univer- 
sity, Kingston; Saleem Ali, Institute for Envi- 


ronmental Diplomacy and Security 


Make It Fit: Supporting a Decent 
Standard of Living Within Planetary 
Boundaries 

Organized by Stephen Polasky, University of 
Minnesota, St. Paul 


Making Science Work for Development: 
Case Studies and Best Practices 
Organized by Sara E. Farley, Global Knowl- 
edge Initiative 


Marine Biological Diversity: Who 
Owns the Greatest Reservoir of 
Unexplored Diversity? 

Organized by Curtis A. Suttle, University 
of British Columbia, Vancouver; Carlos M. 
Duarte, Consejo Superior de Investigacio- 
nes Cientificas and the University of the 
Balearic Islands 


Research as a Portfolio of Projects 

for Building Our Global Knowledge 
Society 

Organized by Jonathan D. Linton, University 
of Ottawa; Nick Vonortas, George Washing- 
ton University 


Searching for the Right Space for 
Innovation 

Organized by Peter W.B. Phillips, University 
of Saskatchewan 


Speeding Rates of Innovation 
Organized by Jessica Hunt, Gerson Lehrman 
Group 


Discovery 

Autophagy: An Emerging Therapeutic 
Target in Human Disease 

Organized by Sharon M. Gorski, BC Cancer 
Agency and Simon Fraser University; Julian J. 
Lum, BC Cancer Agency 


Biomimetic Chemistry: What Miss 
Muffet Learned from Spiders, Lizards, 
and Sea Monsters 

Organized by Deborah Leckband, University 
of Illinois, Urbana-Champaign 


Chemical Evolution: From Prebiotic 
Soup to Intelligent Molecules of the 
Future 

Organized by Cynthia J. Burrows, University 
of Utah, Salt Lake City; David G. Lynn, Emory 
University 


Excursions into the Mathematics of 
Medical Imaging 

Organized by Jonathan Taylor, Stanford Uni- 
versity 


Illuminating the Obesity Epidemic 
with Mathematics 


Organized by Carson Chow, U.S. National 
Institutes of Health (NIH) 
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Imaging and Controlling Molecular 
Dynamics with Ultrashort Laser Pulses 
Organized by Andre D. Bandrauk, Universite 
de Sherbrooke; Paul B. Corkum, University 
of Ottawa 


Isotopes for Science and Medicine: 
Rare, Radioactive, and Useful 
Organized by Timothy Meyer, TRIUMF; Gene 
Sprouse, American Physical Society 


NanoCellulose: An Abundant, 
Sustainable, Versatile Biopolymer 
Organized by Barbara Illman, U.S. Forest 
Service 


New Frontiers in the Radio Universe: 
Protoplanetary Disks to the Far 
Universe 

Organized by Mark T. Adams, National Radio 
Astronomy Observatory (NRAO) 


Pulsars: Astronomical Gifts that Keep 
on Giving 

Organized by Mark T. Adams, NRAO, Char- 
lottesville, VA 


Quantum Computing: Current Status 
and Future Prospects 

Organized by John Preskill, California Insti- 
tute of Technology 


Quantum Information Technologies: A 
New Era for Global Communication 
Organized by Martin Laforest, Institute for 
Quantum Computing; Lisa Lambert, Perim- 
eter Institute for Theoretical Physics 


Solar Effects on Earth’s Atmosphere 
and Climate: Results from Space 
Observatories 

Organized by Nancy D. Morrison, University 
of Toledo 


Things that Go Bump: The Latest 
Discoveries in Particle Physics 
Organized by Kendra Snyder, Brookhaven 
National Laboratory; Elizabeth Clements, 
Fermi National Accelerator Laboratory 


Understanding Cellular Machinery 
Through X-Ray Imaging 

Organized by Louis J. Terminello, Pacific 
Northwest National Laboratory 


Education 

Demand-Driven Science: Engaging 
the Future Generation in Solving 
Tomorrow’s Problems 

Organized by Mikkel Bohm, Danish Science 
Communication; Herbert Minder, Science 

in Dialog 

Beyond Evolution: Religious Questions 
in Science Classrooms 


Organized by Peyton West and Jennifer 
Wiseman, AAAS Dialogue on Science, Ethics 


and Religion; Peter Hess, National Center 
for Science Education 


Connecting Education and Research 
on Retention in Engineering 

Organized by Yolanda George, AAAS Educa- 
tion and Human Resources; Elizabeth Litzler 
and Suzanne Gage Brainard, University of 
Washington, Seattle 


Excellence Gaps in K-12 Education: 
Race, Gender, and Poverty and High 
Achievement 

Organized by David J. Rutkowski and Jona- 
than A. Plucker, Center for Evaluation and 
Education Policy 


Interconnected Communities for 
Biological Research: Integrating 
Undergraduates 

Organized by Susan Singer, Carleton Col- 
lege; M. Patricia Morse, University of Wash- 
ington Friday Harbor Laboratories 


Interdisciplinary Science: Teaching 
the Key Points of Integration 
Organized by David Lawrie and Paul Lu, Uni- 
versity of Alberta, Edmonton 


Making Better Scientists: Philosophy 
of Science in Practice 

Organized by Hanne Andersen, Aarhus 
University 


Mismatched Resources: 
Underrepresented STEM Faculty in the 
Global Knowledge Society 

Organized by Julia E. Melkers, Georgia Insti- 
tute of Technology 


More than a Field Trip: Developing 
Student Leaders To Address Global 
Challenges 

Organized by Julian Marshall and Fred Rose, 
University of Minnesota, St. Paul 


Moving (Actively) from Vision to 
Change in Undergraduate Biology 
Education 

Organized by Jay B. Labov, U.S. National 
Academy of Sciences; James Young, Yale 
University 


New Findings in Broadening 
Participation Research in STEM 
Education 

Organized by Jolene Jesse and Jessie DeAro, 
NSF 


Online 21st Century Science 
Assessments 
Organized by Edys Quellmalz, WestEd 


The Role of Standards in Achieving 
Science Literacy: A Multi-Country 
Perspective 

Organized by Martin Storksdieck, U.S. 
National Research Council 


Teaching Science Through Language 
Organized by Anne Lobeck, Western Wash- 
ington University 


Energy 

Can a Smarter Grid Slow Down 
Climate Change While Accelerating 
Energy Independence? 

Organized by Hassan Farhangi, British 
Columbia Institute of Technology 


Can Science and the Public 
Collaborate on the Global Future of 
Nuclear Waste? 

Organized by Sharon M. Friedman, Lehigh 
University; Eugene Rosa, Washington State 
University 


Carbon Dioxide Capture and Storage: 
A Global Solution to a Global 
Challenge 

Organized by Carlos Saraiva Martins, Euro- 
pean Commission 


The Climate and Health Impacts of 
Cooking with Biomass 

Organized by Hisham Zerriffi and Mike 
Brauer, University of British Columbia, 
Vancouver 


Energy Storage for Integration of 
Renewable Energy Sources into the 
Power Grid 

Organized by lgor Shvets, Trinity College 
Dublin 


Food, Feed, and Fuel: Optimizing 
Economic and Sustainable Biofuel 
Production 

Organized by Nicole Stricker, Idaho 
National Laboratory; Anice Anderson, 
Private Consultant 


Hydraulic Fracturing of Shale: Building 
Consensus Out of Controversy 
Organized by Raymond Orbach, University 
of Texas, Austin 


Low-Carbon Innovation for an 
Electricity-Dependent World 
Organized by Julie Wright and R.J. Taylor, 
Waterloo Global Science Initiative 


Putting Scientific Breakthroughs to 
Work in Support of Renewable Energy 
Organized by Elizabeth C. Weatherhead 
and Suzanne Van Drunick, University of 
Colorado, Boulder 


Routes to Enhanced Photosynthesis: 
Harvesting Sunlight for More Food 
and Fuel 

Organized by Matt T. Goode, Biotechnology 
and Biological Sciences Research Council 
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The True Costs of Coal 

Organized by Samir Doshi, Queen’s Uni- 
versity, Kingston; Paul Epstein, Center for 
Health and the Global Environment 


Environment 


Acid-Washed Genes and Altered 
Ecosystems: Biological Tales of Ocean 
Acidification 

Organized by Gretchen Hofmann, University 
of California, Santa Barbara, CA; Heather M. 
Galindo, COMPASS 


Blue Carbon, Green Opportunities: 
Innovative Solutions To Protect Coastal 
Ecosystems 

Organized by Ariana Sutton-Grier, NOAA; 
Stephen Emmett-Mattox, Restore America’s 
Estuaries; Stephen Crooks, Environmental 
Science Associates and Philip Williams and 
Associates 


The Costs of Conservation: Impacts on 
Coastal Livelihoods, Health, and Equity 
Organized by Joshua E. Cinner, James Cook 
University; Patrick Christie, University of 
Washington, Seattle 


Historical Biocomplexity in the North 
Pacific Ocean: Lessons from the Past 
Organized by Herbert D.G. Maschner, Idaho 
Museum of Natural History; Andrew Trites, 
North Pacific Universities Marine Mammal 
Research Consortium 


Life in the Pressure Cooker: Evolution 
at the Bottom of the Ocean 

Organized by Sven Thatje, University of 
Southampton 


The Magnitude 9.0 Tohoku Earthquake 
and Tsunami: Significance for Japan 
and the World 

Organized by William U. Savage, University 
of Nevada, Las Vegas; Susan Bilek and Glenn 
Spinelli, New Mexico Institute of Mining and 
Technology 


The Ocean Health Index: Diagnosis for 
a Crowded Blue Planet 

Organized by Karen L. McLeod, 
Communication Partnership for Science and 
the Sea (COMPASS); Benjamin S. Halpern, 
University of California, Santa Barbara; 
Steven Katona, Conservation International 


Predicting the Future Ocean: The 
Nereus Program 

Organized by Villy Christensen, University of 
British Columbia, Vancouver 


Responding to and Recovering from 
Catastrophic Events: The Road to 
Resilience 

Organized by Ann M. Lesperance, Pacific 
Northwest National Laboratory 


Sustaining People and Oceans: 
Governance in Marine Social- 
Ecological Systems 

Organized by Natalie C. Ban and Vanessa 
Adams, James Cook University 


Swimming in Sick Seas 

Organized by Andrew Trites, University of 
British Columbia, Vancouver; Mike E. Grigg, 
NIH; Stephen A. Raverty, British Columbia 
Ministry of Agriculture and Lands 


Toward Stabilization of Net Global 
Carbon Dioxide Levels 

Organized by Paul M. Bertsch, University 
of Kentucky, Lexington, Ester Sztein, U.S. 
National Academies 


Vulnerability and Adaptation to Oil 
Spills 

Organized by So-Min Cheong, University of 
Kansas, Lawrence 


Water Security: Multidisciplinary 
Responses to a Global Challenge 
Organized by Karen Bakker, University of Brit- 
ish Columbia, Vancouver; Howard Wheater, 
University of Saskatchewan; Dennis Letten- 
maier, University of Washington, Seattle 


Food 


Bringing a Global Plant Perspective to 
Issues that Threaten Humankind 
Organized by Melvin J. Oliver, USDA Agricul- 
tural Research Service 


The Compound Effects of Climate 
Variability and Climate Change on 
Food Security 

Organized by Rosamond Naylor, Stanford 
University 


Do Public Health and Food Safety 
Policies and Regulations Impede 
Innovation? 

Organized by Rickey Yada, University of 
Guelph 


Emerging Risks in the Global Food 
System 
Organized by William E. Fry, Cornell University 


Enhancing Information Flow for Global 
Food Security in the Face of Climate 
Change 

Organized by Steven L. Fales and Eugene S. 
Takle, lowa State University; Mannava Siva- 
kumar, World Meteorological Organization 


Sub-Saharan Africa: Livestock Science 
Provides New Hope and Faces New 
Challenges 

Organized by Rodney A. Hill, University of 
Idaho, Moscow; Albert G. Medvitz, McCor- 
mack Sheep and Grain 


The Next Agricultural Revolution: 
Emerging Production Methods for 
Meat Alternatives 

Organized by Nicholas ). Genovese, Univer- 
sity of Missouri, Columbia; Vladimir Mironov, 
Medical University of South Carolina 


The Role of Information and 
Communications Technology in 
Making Sense of Global Food Prices 
Organized by Jacques Delince, JRC Institute 
for Prospective Technological Studies; Geral- 
dine Barry, European Commission JRC 


Underreported Yet Overoptimistic: 
Fisheries Catch Reconstructions and 
Food Security 

Organized by Sarah Harper and Dirk Zeller, 
University of British Columbia, Vancouver 


Who Will Organize and Fund Global 
Research Efforts in Agriculture 
Sustainability? 

Organized by Catherine Woteki, USDA 


Health 


Aging: Cells to Society 
Organized by John Disterhoft, Northwestern 
University Medical School 


Autism: Genetic, Epigenetic, and 
Environmental Factors Influencing 
Neural Networks 

Organized by Cindy Lawler, National Insti- 
tute of Environmental Health Sciences; Isaac 
Pessah, University of California, Davis 


Comprehensive Approaches for HIV/ 
AIDS Prevention and Control 

Organized by Yiming Shao, National Center 
for AIDS/STD Control and Prevention; Myron 
Cohen, University of North Carolina, Chapel 
Hill 

Curing Spinal Cord Injury: The Need 
for Global Collaboration 

Organized by Michael Fehlings, Toronto West- 


ern Hospital; Thomas R. Oxland, International 
Collaboration on Repair Discoveries 


Defeating Alzheimer’s Disease To Avoid 
the Looming Worldwide Health Crisis 
Organized by Patrick L. McGeer, University of 
British Columbia, Vancouver 


Fifty Years of the Pill: Risk Reduction 
and Discovery of Benefits Beyond 
Contraception 

Organized by Kristina D. Chadwick, Bristol- 
Myers Squibb; Brinda Mahadevan, Abbott 
Laboratories 


Genomics and Cancer: A Global 
Challenge Needing Global Solutions 


Organized by Joseph Connors, BC Cancer 
Agency 


AAAS ANNUAL MEETING | 16-20 February 2012 | Vancouver, BC, Canada 


Downloaded from www.sciencemag.org on January 5, 2012 


Has the Women’s Health Initiative 
Hormone Therapy Trial Helped 
Improve Women’s Health? 

Organized by Gilbert S. Omenn, University 
of Michigan, Ann Arbor; Andrea LaCroix, 
Fred Hutchinson Cancer Research Center 


The Mouth as a Global Window to 
Systemic Health 

Organized by Carolyn Gibson, University of 
Pennsylvania School of Dental Medicine, 
Philadelphia; Clark Spencer Larsen, Ohio 
State University, Columbus 


Norovirus: The Modern Scourge of 
Food and Family 

Organized by Ewen C.D. Todd, Ewen Todd 
Consulting 


The One Health Vision: From 
Institutional Support to Local Practice 
Organized by Barbara Hyde, American Soci- 
ety for Microbiology 


Personalized Medicine: Improving 
Health Outcomes Through Research 
Organized by Daniéle St-Jean, Canadian 
Institutes of Health Research 


Stem Cell and Cell Therapy 
Approaches to Understanding Cell 
Injury and Wound Healing 

Organized by Jeffrey J. Yourick, U.S. Food 
and Drug Administration; John S. Graham, 
U.S. Army Medical Research Institute of 
Chemical Defense 


Toward the Control of HIV and AIDS 
Through Comprehensive Treatment as 
Prevention 

Organized by Julio Montaner, BC Centre for 
Excellence in HIV/AIDS and University of 
British Columbia, Vancouver; Mark Ouel- 
lette, Canadian Institute of Health Research 


Winning: Superbugs or Surveillance 
and Science? 

Organized by Patricia L. Keen, University of 
British Columbia, Vancouver 


Information 

Accelerating Scientific Progress 
Through Public Availability of 
Research Data 

Organized by Heather A. Piwowar, NESCent 
and the University of British Columbia, Van- 
couver; Michael C. Whitlock, University of 
British Columbia, Vancouver 


Applying Assistive Technology To 
Improve Quality of Life 

Organized by Stephan Lechner, JRC Institute 
for Protection and Security of the Citizen; 
Geraldine Barry, European Commission JRC 


Architectural Precautions in 
Networked Networks 

Organized by Mariam Thalos, University of 
Utah, Salt Lake City 


Data to Knowledge to Action: 
Computational Science in a Global 
Knowledge Society 

Organized by Erwin P. Gianchandani, 
Computing Research Association 


Human Rights: Quantitative Methods 
in the Age of Information and 
Communication 

Organized by Nicholas P. Jewell, University 
of California, Berkeley 


Innovating Innovation: Open Source 
Successes for Neglected Diseases and 
Beyond 

Organized by Laura W. Musselwhite and 
Andreas Pilarinos, Universities Allied for 
Essential Medicines; Mike Gretes, Oregon 
State University, Corvallis 


Is There Life Beyond Moore’s Law? 


Organized by Sankar Basu and Robert J. 
Trew, NSF 


Leveling the Global Playing Field: 
Global Inferences from Reliable 
Global Samples 

Organized by Daniel Pauly and Kristin Kleis- 
ner, University of British Columbia, Vancouver 


Tracking Progress: Success and 
Failure of Biologging in Protecting the 
Global Ocean 

Organized by Sara M. Maxwell, Marine Con- 
servation Institute and University of Califor- 
nia, Santa Cruz; Kristen M. Hart, USGS 


Updating the International System of 
Units: The Foundation for Science and 
Technology 

Organized by Alan G. Steele, National 
Research Council of Canada; James K. 
Olthoff, NIST 


Web Surveillance: Fighting Terrorism 
and Infectious Diseases 

Organized by Ming-Hsiang Tsou, San Diego 
State University 

Whole-Earth Simulations for Decision- 
Making: Realistic Goal or Pipe Dream? 
Organized by William J. Feiereisen, Intel Corp. 


Policy 

Assessing Assessments: How Do They 
Work for Environmental Policy? 
Organized by Dale Jamieson and Milena 
Wazeck, New York University 


Can Community Models Help Solve 
Global Challenges? 


Organized by Howard Grimes, Washington 
State University 


Changing Paradigms in the Delivery of 
Health Care in the United States 
Organized by Virginia R. Carson, Chapman 
University 


Declaration of Rights for Cetaceans: 
Ethical and Policy Implications of 
Intelligence 

Organized by Thomas |. White, Loyola Mary- 
mount University, Redondo Beach; Stepha- 
nie J. Bird, Science and Engineering Ethics 


Exploding Myths on Reactor Security, 
Harm Reduction, and Genetically 
Modified Organisms 

Organized by Aidan Gilligan, European Com- 
mission JRC 


Global Challenges to Peer Review of 
Scientific Publications 

Organized by Leonor Sierra and Julia R. 
Wilson, Sense About Science 


The Global Quest for Excellence 
Organized by Suzanne Fortier, Natural Sci- 
ences and Engineering Research Council of 
Canada, Ottawa, ON 


Harm Reduction: Policy Change To 
Reduce the Global Toll of Smoking- 
Related Disease 

Organized by Gilbert L. Ross, American 
Council on Science and Health 


International Comparisons of 
Research and Development Policy 
Organized by Patrick J. Clemins, AAAS Office 
of Government Relations 


Redesigning the Governance of 
Science, Technology, and Innovation 
After Japan’s Earthquake 

Organized by Tateo Arimoto and Kazuhito 
Oyamada, Japan Science and Technology 
Agency; Yuko Harayama, Organization for 
Economic Cooperation and Development 


Science-Informed Public Engagement: 
Building Support for Policy 

Organized by Michael M. Burgess, 
University of British Columbia, Vancouver 


Scientific Integrity Reform in the U.S. 
Administration: Pitfalls, Progress, and 
Plans 

Organized by Francesca T. Grifo, Union of 
Concerned Scientists 


Whole-Ocean Economics: Global 
Fisheries Analysis Reveals Potential 
for Policy Action 

Organized by U. Rashid Sumaila, University 
of British Columbia, Vancouver 


To browse the updated program, register, and reserve hotel rooms, visit www.aaas.org/meetings. 
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POSITIONS OPEN 


Heltiiceacs 


C V STARR FOUNDATION FELLOWSHIPS 
in Neuroscience 


The Princeton Neuroscience Institute aims to recruit 
and support one or two exceptional individuals to fill 
our C V Starr Fellowships in Neuroscience. These are 
individuals who are expecting or have recently obtained 
a Ph.D. degree in neuroscience or areas relevant to 
neuroscience (molecular biology, psychology, comput- 
er science, engineering, physics, or mathematics). 

The PNI focuses on interdisciplinary research in neu- 
roscience, spanning from molecular, cellular, and ge- 
netic approaches to systems and human cognitive 
neuroscience. PNI houses state of the art facilities for 
experimental research in all of these areas as well as 
advanced computational resources that support its em- 
phasis on theoretical and quantitative approaches to 
neuroscience. To ensure full consideration, all materials 
must be received by February 15, 2012. 

The C V Starr Fellowship program provides a gen- 
erous salary and a modest annual research budget. Fellows 
are encouraged to pursue their own independent research 
with the guidance and mentorship of a core faculty 
member in the Institute, although research projects 
where the Fellow works directly with a core faculty 
member will also be considered. Fellows also have the 
opportunity to teach in our Institute programs, subject 
to sufficient enrollments and approval of the Dean of 
the Faculty. 

For more information about the Institute, see website: 
http://www.princeton.edu/neuroscience/. 

Applications should be submitted online at website: 
https://jobs.princeton.edu/ by February 15, 2012. 
(Requisition #0110837). Candidates must submit 
curriculum vitae, a list of publications, a statement of 
research interests and goals, and the contact informa- 
tion for three references. Finalists will be invited to 
Princeton to present a talk concerning their current 
research. 

Princeton University is an Equal Opportunity Employer and 
complies with applicable Equal Employment Opportunity and Af- 


firmative Action regulations. 


ASSISTANT PROFESSOR IN BIOLOGY 


The Biology Department at New Mexico Tech seeks 
a tenure-track Assistant Professor. The successful can- 
didate must be qualified to teach an upper-division 
course in animal or human physiology, as well as ad- 
ditional undergraduate and graduate courses. The 
faculty member will establish a research program in any 
area of biology, and will involve Master’s and un- 
dergraduate students in their research (with the possibility 
of directing Ph.D. students in related departments, e.g., 
Chemistry, Geology, or Materials). Ph.D. in biology or 
related field required at the time of application. The 
position will start as early as August 2012. To receive 
full consideration, application letters along with curric- 
ulum vitae, statement of research interests and teaching 
philosophy, transcripts, and three letters of recommen- 
dation should be received by January 31, 2012 to: Hu- 
man Resources 801 Leroy Place, Brown Hall Room 
118, Box 142, Socorro, NM 87801. 


FACULTY POSITIONS 
Medical School 


The Saint James School of Medicine, an international 
medical school (website: http://www.sjsm.org), in- 
vites applications from candidates with teaching and/or 
research experience in any of the basic medical sciences 
for its Caribbean campuses. 

Senior faculty positions are currently available in Pa- 
thology and Anatomy. Applicants must be M.D., D.O., 
and/or Ph.D. 

Teaching experience in the U.S. system is desirable 
but not required. Retired persons are encouraged to 
apply. Attractive salary and benefits. Submit curriculum 
vitae electronically to e-mail: sjsmcoordinator@sjsm. 
org or mail to: HRDS Inc., 1480 Renaissance Drive. 
Suite 300, Park Ridge, IL 60068. 


POSITIONS OPEN 


POSTDOCTORAL RESEARCH POSITION 
University of Minnesota 
Novel Approaches to Prevent Murine 
Graft-Versus-Host Disease (GVHD) 


The University of Minnesota, Department of Pedi- 
atrics, has an NIH-funded postdoctoral position avail- 
able in the area of GVHD and tolerance induction. 
Current studies are directed toward induction and use 
of regulatory T cells and blockade of T cell activation 
and migration. Recent relevant references include: Blood 
(epub November 9), 2011; Blood 116:5738, 2011; Blood 
116:466, 2010. 

Successful applicants will have an M.D. and/or Ph.D. 
degree and a track record of accomplishments and ex- 
pertise in manipulating immune cells. Highly desirable 
is additional experience in regulating T cell responses to 
foreign antigens. Excellent facilities are available in the 
University of Minnesota Cancer Center. Salary will be 
competitive. 

Applicants should send current curriculum vitae, let- 
ter of application and the names and e-mail addresses of 
two to three references electronically to Dr. Bruce R. 
Blazar, Professor, e-mail: blaza001@umn.edu. 

The University of Minnesota is conunitted to the policy that all 
persons shall have equal access to its programs, facilities, and em- 
ployment without regard to race, color, creed, religion, national origin, 
sex, age, marital status, disability, public assistance status, veteran 
status, or sexual orientation. 


TENURE-TRACK ASSISTANT PROFESSOR 
of Cognitive Psychology 

The Department of Psychology, University of Cali- 
fornia, Riverside, invites applications for a tenure-track 
Assistant Professor position in Cognitive Psychology to 
start July 1, 2012. We seek applicants whose research 
examines the cognitive neuroscience of human learning 
and memory. The ideal candidate will contribute to our 
emerging emphasis in experience-dependent change. 
Applicants should demonstrate a record of research 
excellence using methodological approaches involving 
human behavior, cognitive neuroscience, and/or com- 
putational modeling. Individuals with interdisciplinary 
interests are encouraged to apply. 

Applicants should be committed to excellence in un- 
dergraduate and graduate education and interest in 
teaching quantitative methods at the graduate level is 
preferable. The Ph.D. is required and salary is commen- 
surate with education and experience. Review of ap- 
plications will begin February 15, 2012 and continue 
until the position is filled. Interested candidates should 
send hardcopies of their curriculum vitae, a cover letter 
describing research and teaching interests, reprints if 
available, and arrange to have three letters of recom- 
mendation sent to: Professor Steve Clark, Chair, Cog- 
nitive Search Committee, Department of Psychology 
University of California—Riverside, 900 University 
Avenue, Riverside, CA 92521. 

The Riverside campus of the University of California 
is growing rapidly and has an excellent psychology de- 
partment with a strong record of success in research, 
teaching, and extramural funding. For information on 
the Department of Psychology, see our website: http:// 
www.psych.ucr.edu. The campus is located about 50 
miles east of Los Angeles and less than an hour’s drive 
from the area’s mountains, deserts, and beaches. The Uni- 
versity of Califomnia, Riverside is an Equal Opportunity /Affirmative 
Action Employer. 


TENURE-TRACK ASSISTANT PROFESSOR 
of Biology 


The Biology Department of Coe College invites ap- 
plications for a tenure-track position in human anato- 
my. An earned Doctorate in biology with an emphasis 
in anatomy is required; demonstrated success teaching 
anatomy to undergraduates is desirable. For position 
details and application process, visit website: http:// 
www.coe.edu/aboutcoe/employment. 
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UNIVERSITY OF 


LOUISVILLE 


SCIENTIFIC DIRECTOR 
Kosair Children’s Hospital Research Institute 
Department of Pediatrics, University of Louisville School of Medicine 


The Department of Pediatrics at the University of Louisville invites competitive applications to fill the 
position of Scientific Director of the Kosair Children’s Hospital Research Institute (KCHRI). The Institute 
performs basic and translational research on diseases relevant to pediatric patients. KCHRI faculty research 
is currently focused on two major areas: (1) neurobiology and (2) the neurologic and cardiovascular 
complications of obesity and diabetes. Additional pediatric relevant basic science research currently occurs 
in the Cardiovascular Innovation Institute and the James Graham Brown Cancer Center. 


The new KCHRI Director will be expected to expand their extramurally funded research program at the 
University of Louisville while actively leading the expansion of pediatric-relevant basic science research at 
the University of Louisville. The successful applicant must have demonstrated effective administrative and 
leadership experience, a strong record of consistent extramural funding, an excellent publication record, and 
a track record of successfully mentoring clinician-scientists and basic science investigators. The research 
focus of the new Director and of subsequently recruited faculty would be determined by the new Director. 
Candidates with an MD, MD/PhD, or PhD will be considered. A tenure-eligible, endowed Chair and 
substantial financial support are available for the new Director and the continued growth of the KCHRI. 
The successful candidate will have a primary academic appointment in the Department of Pediatrics and 
may also have additional joint appointments in basic science and bioengineering departments to facilitate the 
training of graduate students and faculty. The Director of the KCHRI reports to the Vice-Chair for Research 
and to the Chairman of the Department of Pediatrics. 


The Academic Programs in the Department of Pediatrics at the University of Louisville cover a broad range 
of basic science, clinical, and translational research topics supported by over 160 faculty, more than 100 
residents and fellows, and highly supportive research and administrative staff. Clinical services are provided at 
the free-standing Kosair Children’s Hospital of Norton Healthcare and at regional sites throughout Kentucky. 
Our pediatric programs have substantial philanthropic support. We have been highly successful in recruiting 
talented faculty and residents to the University of Louisville and to our very enjoyable community. 


Applications will be reviewed until the position is filled with the intent to have a new Director in place by 
the third quarter of 2012. Please submit a cover letter including a statement of research interests, curriculum 
vitae, and contact information for three references electronically to Bradley B. Keller, MD, brad.keller 
@louisville.edu, Vice Chair for Research, Department of Pediatrics and Kosair Charities Chair and Chief, 
Division of Pediatric Heart Research, Cardiovascular Innovation Institute, University of Louisville. 


The University of Louisville is an Affirmative Action, Equal Opportunity, Americans with Disabilities 
Employer, committed to diversity, and in that spirit, seeks applications from a broad variety of candidates. 


WASHINGTON STATE 
G UNIVERSITY 


Faculty Position in Bioengineering at Washington State University 


The Gene and Linda Voiland School of Chemical Engineering and Bioengineering (ChEBE) at Wash- 
ington State University invites applications for a tenure-track faculty position in bioengineering at the 
Assistant Professor level. The position will be based at the Pullman campus. Successful candidates must 
hold a doctorate in bioengineering, chemical engineering, or a closely related discipline. Applications 
are especially encouraged from individuals with a strong record of publication in high impact, peer- 
referred and archival journals and evidence for potential to establish an externally funded research 
program. Applicants with research in an area closely related to our current strengths in cellular and 
protein engineering, cellular/tissue biomechanics, biofilm engineering, biochemical engineering and 
engineering education are encouraged. 


The Gene and Linda Voiland School of 
Chemical Engineering and Bioengineering 


The Voiland School currently has 300 undergraduate students, 60 graduate students, of whom 56 are 
PhD students, and 18 faculty. During fiscal year 2011, faculty in the school were awarded extramural 
funds totaling $4.14 million from industry, NSF, DOE, DOD, NIH, and ONR and created two new 
companies from technologies developed as a part of their research. During the next year, we plan to 
add two additional faculty, including the individual who will be hired into this position. Faculty in the 
Voiland School are conducting interdisciplinary research and have strong interactions with College of 
Veterinary Medicine, WSU’s newly established School for Global Animal Health, and Pacific Northwest 
National Laboratory, as well as other departments in the university. A successful candidate for this 
position is expected to establish and maintain a funded, innovative and nationally recognized research 
program, collaborate with others within the School, the University, or other organizations, and develop 
and teach graduate and undergraduate core and elective courses. 


Interested candidates should submit a letter of application, a detailed curriculum vitae, names and con- 
tact information of four references, a statement of research plans and a statement of teaching interests 
to: www.wsujobs.com/applicants/Central? quickFind=56748. The letter should be addressed to Dr. 
Wen-Ji Dong, Chair Search Committee, Gene and Linda Voiland School of Chemical Engineering 
and Bioengineering, Washington State University. 


Screening of application materials will begin immediately and will continue until the position is filled. 
Preferred starting date of this new position is August 15,2012. 


Washington State University is an EEO/AAIADA Educator and Employer. 
WSU employs only U.S citizens and lawfully authorized non-U.S. Citizens. 
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VIROLOGY, CANCER VIROLOGY 
ASSOCIATE/FULL PROFESSOR 
POSITIONS 
Department of Molecular Biology 
and Microbiology 


The Department of Molecular Biology and 
Microbiology at CWRU School of Medicine 
is continuing its expansion under our Chair, 
Dr. Jonathan Karn. We are currently seeking 
applications for Associate/Full Professor 
level positions. We encourage applications from 
highly qualified individuals with demonstrated 
experience in the areas of: 
¢ Molecular Virology: Fundamental aspects 
of Virology (e.g. molecular mechanisms in 
viral replication; virus assembly and matura- 
tion; control of latency; host cell interactions; 
virus entry mechanisms; viral diversity and 
immune evasion). 
Cancer Virology: Basic virology leading to a 
fundamental understanding of the molecular 
basis for tumorigenesis. This includes interests 
in the discovery of new human pathogens, viral 
etiology of cancer, viral models for cancer. 


Successful candidates will establish a vigorous 
research program, participate in teaching activi- 
ties, and interact productively with a nationally- 
ranked team of basic and clinical scientists 
interested in the overall areas of HIV/AIDS and 
host-pathogen interactions, microbiology and 
infectious diseases. 


We stress excellence in research and in teaching. 

* Candidates at the Full Professor level should 
have a Ph.D., an outstanding record of schol- 
arly achievement and record of leadership and 
service at the national or international level 
in the profession, and a record of sustained 
Federal funding. 
Candidates at the Associate Professor 
level should have a Ph.D., a substantial 
publication record and an established 
reputation for professional excellence, 
and a record of sustained Federal funding. 


In addition to newly refurbished laboratory 
space and a generous start-up package, we offer 
a highly interactive environment with exceptional 
intellectual, infrastructural, and administrative 
support. All candidates should have a Ph.D. and 
relevant post-doctoral experience, and a record of 
funding, active research program and a national 
reputation. Rank and salary will be commensu- 
rate with experience. 


Please submit an online application including a 
letter of application, curriculum vitae, brief state- 
ment of research goals and accomplishments, and 
3 references as PDF files to: Jonathan Karn, 
Ph.D., Chair; Virology Search Committee 
at: http://sunshine.case.edu/mvevsearch/ 
index.htm. 


In employment, as in education, Case Western 
Reserve University is committed to Equal 
Opportunity and Diversity. Women, veterans, 
members of underrepresented minority 
groups, and individuals with disabilities 
are encouraged to apply. Case Western 
Reserve University provides reasonable 
accommodations to applicants with 
disabilities. Applicants requiring a reasonable 
accommodation for any part of the application 
and hiring process should contact the Office 
of Inclusion, Diversity and Equal Opportunity 
at 216-368-8877 to request a reasonable 
accommodation. Determinations as to granting 
reasonable accommodations for any applicant 
will be made on a case-by-case basis. 
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Director, Office for Policy in Clinical Research Operations, Division of AIDS 


The Matanal insttiote of Allergy and Inachcor Oigeaser 
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Regearth Operations (OP CAD) in the Grision of AIDS 
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sonduct of clinical trials: 2) compiance with applicable 
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quality and integrity. The OCA director oversees four 
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inues! provides objective, cenariance-basec guidances 
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resolving & variety of complex clinical rials management 
poliey. and admirisivedtive issues, These Gauee require 
age coordination. and intartaciyy with othar programs 
within WiKID, MIM, other facial agencies, phannacetical 
SOTanies, ane patient acyncaTy ANd Community groups. 
wo) ) cere Applicants mest possess an MO ce 
equivalant degree wiih spercialiation in aiecial mecicre, 
iifecticus digsaees, oo amy coher medical specsalty tat will 
Inacio expertice ip lectoue dinsades rewearch with a focus 


no HANTS. in eetiitan, thecendidana must hewn 
Apmenestratnd sie is i 1) werk both indopencdanthy: and 
collaboratively in planning, ceganizieag, and conducting? 
uversening clintal inhale: 2] serving ethectively in clinical 
PHeerc progam adminiahation: and 3) effects 
communicators and incllaboratong. 

Soplicdtean Process Prwide curiculum yitee, 
tibliggaphy, and a free-page summary explaining 

Th our sion tor HI ASIOS clinic! tosnarech, 2] your 
Masond for Sang IMErSsEted ie we potion: gered SI] the 
Boecitic leadershio sailla anc experience you would bing 
ta the SIV ANS clinacal pasaamch programs at MIAIL 
Seiemit application package to Wr, Robert Geulakoreski, 
Office cl ihe Director, DAIDS, MAIO, 6700-8 Rockledge 
Orwe. Foon 4140, Bateeda, MD 208SS-7be0, end 
reference announcement number OtS-1 1-0. 

The dagdling for-necnipt of applications is January 21, 
2012. Direct any inquiries to Mr. Guloksaski at 
Pulakowiir sald nll or S01 -d86-055. 00 infammarion 
provided by applicance will ramain confidential ang will 
be revinwer orty by authorized MAID oficiales. 


National Institute of Allergy and Infectious Diseases 


The surcasstul candicata will be appodited usder ihe Tile 

3 [f| authondy at a selary cammanmirain wth eaparianna, The 
maamin annual hase salary $290,000, with a maximum 
total ermal compensation limit of $240,000. 4 full package of 
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THE NIH 15. DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


online @sciencecareers.org 
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TRANSLATIONAL BIOMEDICAL RESEARCH OPPORTUNITY 


Genomic Medicine/Bioinformatics 


Sigfried and Janet Weis Center for Research is seeking outstanding independent 
scientists for full-time research positions at ranks equivalent to Assistant, Associate 
or Full Professor in the areas of Genomics and Bioinformatics. The Weis Center is 
a basic and translational research facility of Geisinger Clinic located at Geisinger 
Medical Center (GMC) in Danville, PA. Genomic Medicine is a strategic focus for 
translational research at Geisinger. 


Genomic Medicine is a strategic focus for translational research at Geisinger: 


About the position: 

* Expertise in laboratory, computational, or statistical genetic approaches 
* Expand ongoing research on the genetic basis of disease 

* Proven records of innovative research with relevance to human disease 
* Collegial environment with collaborative research opportunities 


Geisinger Health System’s advanced electronic medical record system and health 
information technology infrastructure allows for electronic capture of clinical data 
and large biorepository of patient specimens. 


Technical resources include instrumentation for confocal, TIRF, and single cell 
fluorescence imaging, microarray analysis, genotyping, DNA sequencing, and flow 
cytometry, and an AAALAC-accredited animal facility. Substantial resources are 
available for start-up, ongoing research support and salary. 


Qualified individuals should submit curriculum vitae, statement of research interests 
and three reference letters to Ms. Kristin Gaul, Weis Center for Research, Geisinger 
Clinic, via email (kgaul@geisingeredu). Please refer to position WCR-3638 in the 
subject line. Applications will be accepted until the positions are filled. 


For more information on research programs at Geisinger visit our website at 
http://www.geisinger.org/professionals/research/wer. 


Geisinger Health System is an Affirmative Action/Equal Opportunity Employer 
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GEISINGER 
HEALTH SYSTEM 
REDEFINING THE BOUNDARIES OF MEDICINE 


Chair ¢ Physiology and Biophysics 


Stony Brook University School of Medicine (SOM) is seeking candidates and 
nominees for Chair of the Department of Physiology and Biophysics. The SOM is 
dedicated to excellence in teaching, research, and clinical care and has a long- 
standing record of accomplishment in the basic sciences which it seeks to grow 

as detailed in our strategic plan located at:http:/Avww.stonybrookmedicalcenter.org 
/system/files/strategicPlan_REV_LR.pdf. Candidates should demonstrate the high- 
est level of ethical conduct, a commitment to diversity; possess a track record of 
recruiting and retaining outstanding educational and research (basic and transla- 
tional) faculty. Applicants should also possess strong interpersonal and 
communication skills, a demonstrated ability to provide leadership within a 
complex organization and strong academic credentials evidenced by a track record 
of successful extramural funding and scholarly accomplishments. He/she should 
have a training track record that documents a commitment to medical education 
and mentoring of young faculty, experience with the management of an academic 
department within a medical school and in the oversight of education and research 
budgets; and possess the ability to establish effective operational practices that 
create an environment that supports the missions of the department. 

Required: Ph.D. degree or equivalent. Demonstrated experience in budgetary 

and personnel management. Must be eligible for a senior faculty appointment, the 
candidate must meet the criteria established by the School of Medicine (School of 
Medicine's Criteria for Appointment, Promotion, and Tenure ). Please visit our web- 
site at: http://pnb.informatics.stonybrook.edu/to obtain additional information 
about the Department of Physiology and Biophysics. 


For a full position description and/or application procedures, visit 
www.stonybrook.edu/jobs (Job Reference #: F-7079-11-12). Applications 
will be accepted until the position is filled. Nominations and applications 
including a State employment application and curriculum vitae should be 
submitted to: William L. Jungers, Ph.D., Distinguished Teaching Professor and 
Chair, Search Committee Chair, Department of Anatomical Sciences, 


Health Sciences Center, Tower A, 
8th Floor, Room 020, STQYN Y 
BR@NOK 


Stony Brook University, 
Stony Brook, NY 11794-8081 
STATE UNIVERSITY OF NEW YORK 


Fax #: (631) 444-3947 


Stony Brook University/SUNY is an equal opportunity, 
affirmative action employer. 


FACULTY POSITION 
MICROBIAL PATHOGENESIS 
> | DEPARTMENT OF MICROBIOLOGY 
cial AND IMMUNOLOGY 


The Department of Microbiology and Immunology at Dartmouth Medical 
School seeks to recruit an outstanding candidate who studies aspects of bacte- 
rial or fungal pathogenesis or other microbe-host interactions that occur in the 
context of the lung, the gut, or other mucosal sites. Dartmouth has a highly 
interactive and stimulating research environment. Thus, individuals with cross- 
disciplinary interests who combine the study of host-associated microbes or 
microbial communities with state-of-the-art genetics (e.g. ncRNA), genom- 
ics, biochemistry, imaging, and/or bioinformatics are of particular interest. 
There are also opportunities for interactions with the clinical departments at 
Dartmouth-Hitchcock Medical Center. The successful applicant will hold a 
PhD, MD, or MD/PhD degree, and the intent is to recruit a tenure track faculty 
member at the Assistant or Associate level, however candidates at all ranks 
are welcome to apply and would be considered for an appointment at a rank 
commensurate with experience. We seek individuals who will develop or 
expand upon a robust, independent, extramurally funded research program, and 
a demonstrated ability to attract external funding is desirable. Recruited faculty 
will interact closely with members of the Molecular Pathogenesis Program 
(www.m2p2.org), and the position includes membership in the Molecular 
and Cellular Biology graduate program (www.dartmouth.edu/~meb). For 
further information on the Department of Microbiology and Immunology, 
see dms.dartmouth.edu/microbio/. 


Applications should consist of a curriculum vitae and a brief statement of 
research interests and future plans, and the candidate should have three letters 
of reference sent on their behalf. Direct applications to: Karen Thompson at 
MlIsearch@dartmouth.edu, Department of Microbiology and Immunology, 
Dartmouth Medical School, Vail Building HB7550, Hanover, NH 03755. 
For informal inquiries, contact Deborah Hogan, dhogan@dartmouth.edu, 
or Bruce Stanton, bruce.a.stanton@dartmouth.edu. Review of applications 
will begin immediately and continue until the position is filled. 


Dartmouth Medical School is an Affirmative Action/Equal Opportunity 
Employer and encourages applications from women and members of 
minority groups. 


@ CENTRE FOR DNA FINGERPRINTING AND DIAGNOSTICS 

Se Office Block: 2™ floor, Block No. 7, Gruhakalpa Complex, 
CDFD M J Road, Nampally, Hyderabad - 500 001 

Ph: +91-40-2474 9451 Fax: +91-40-2474 9490, www.cdfd.org.in 
SCIENTIFIC GROUP LEADERS (FACULTY) RECRUITMENTS 
ADVERTISEMENT NO. 1/2012 

The CDFD is an autonomous institute supported by the Department 
of Biotechnology, Government of India, that uniquely blends a 
high-quality service facility in DNA profiling and diagnostics with 
basic research in the frontier areas of modern biology. The current 
research themes, initiated and conducted by its Faculty 
investigators, include computational and structural biology, genetics 
and epigenetics, silkmoth genomics, molecular pathogenesis, 
cancer and stem cell biology, cell signalling, and molecular and 
cellular biology. The Centre also hosts an active and vibrant Ph.D. 
scholars program in these areas. The Centre invites applications 
from Indian citizens for SCIENTIFIC GROUP LEADER (FACULTY) 
positions in any of the areas of modern biology, for which a number of 
vacancies exist. For all these positions, the candidates will be 
expected to lead independent groups and to attract extramural 
research funding. 
Applicants should possess a Ph.D. in any branch of Natural 
Sciences or an M.D., and must have an outstanding track record of 
scientific productivity, as evident from publications in scientific 
journals of high impact and/or international patents. Although 
post-doctoral experience is desirable, exceptional candidates with a 
fresh Ph.D. may also be considered. The level of appointment, at 
either Assistant or Associate Professor equivalent, will depend on 
the length of experience and the quality of scientific productivity. 
For further details on the advertised positions and on the ongoing 
research and service activities, prospective applicants may visit the 
CDFD website (http:/www.cdfd.org.in), where the details of 
application procedure are provided. 
There is no last date for receipt of applications, which will be 
evaluated periodically until all the positions are filled. Shortlisted 
applicants will be required either to appear before a Selection 
Committee or to visit the CDFD for a seminar and discussions before 
a decision is made. 


Ningbo University 
invites you 
to apply for faculty positions 


online @sciencecareers.org 


About Ningbo University 


Founded in 1986 by Sir Yue-Kong Pao, Ningbo University (NBU) is a young and dynamic university locate’ the beautiful city of Ningbo by 
East China Sea, with five campuses covering 160 hectares of land. As a leading comprehensive university in Zhejiang Province, NBU offers 
programs in economics, law, education, liberal arts, history, science, engineering, agriculture, medicine, and management. The university now 
receives public funding, as well as continuous support and generous donations from many overseas Chinese and their families including Sir 
Yue-Kong Pao, Sir Run-Run Shaw, Chao An Chung, Hans Tang, Yue-shu Pao, Cao Guangbiao, Li Dashan, Zhu Xiushan, etc. 


Academic Excellence 

NBU consists of 19 schools and offers 71 undergraduate programs, 155 master programs, and 7 Ph.D. programs. It enrolls 29,520 students including 25,574 full-time 
undergraduates and 3,951 graduate students. Currently NBU has 1,330 full-time faculty members and 1,070 administrative staff members. Among them there are 4 
academicians, 255 full professors, and 720 associate professors. 


Research Achievements 

With 77 research institutes and key laboratories, NBU is the center of varieties of research and teaching activities. The research and development initiatives of the 
university, especially in marine science, information science and technology, engineering mechanics, and material science have contributed greatly to the economic 
development of the region and have been recognized by numerous national awards. The university library has a CNKI Network Administrative Service Center, and a 
collection of approximately 3,400,000 books and digital resources. 


Science Careers 


International Programs 
NBU maintains close links to 47 well-known institutions of higher education in Canada, Germany, France, Great Britain, USA, Sweden, Japan, South Korea and 
Australia. For example, the Sino-Canada joint-educational program is welcomed by international students with 100% satisfaction. 


QUALIFICATIONS 


Candidates should at least have (a) a Ph.D. degree in a related discipline, (b) adequate teaching ability and a strong passion for 
teaching, (c) an outstanding research background and influential publication record in recent three years, and (d) an ability to conduct 
high-quality research and attract external funding. 


REMUNERATION & CONDITIONS OF SERVICE 


Salary offered will be commensurate with qualifications and experience. Remuneration package will be highly competitive. For 
applicants with titles of professor or associate professor, salary and housing compensation can be negotiated on the individual basis. 
For newly graduate PhD and Postdoctoral, initial appointment will be made on a fixed-term contract, with a housing compensation of 
600,000 RMB upon fulfillment of the contract requirements. Re-engagement thereafter is subject to mutual agreement. 


APPLICATION 


Please submit completed application form, CV and cover letter via email to rsc@nbu.edu.cn; by fax at +86 574 8760 0288; or by mail 
to 31# postbox, Ningbo University, 818 Fenghua Road, Ningbo, China. Application forms can be downloaded from 
http://www.nbu.edu.cn/shizi Recruitment stays open until positions are filled unless otherwise specified. Please visit 


http://rsc.nbu.edu.cn for more details. 


INFORMATION ON POSITIONS 


SCHOOL OF MARINE SCIENCE 
Professor/Associate Professor 

Marine Biotechnology/ Marine Sciences/Medicinal 
Chemistry/ Ocean Engineering/Marine planning and 
remote sensing /Sea port and environmental 
ecology/Marine Geographic Information Science 


SCHOOL OF INFORMATION SCIENCE 
AND ENGINEERING 


Professor/Associate Professor/PhD Supervisor 
Mobile Communications/Optical 
Communications/Microwave Communication/ 
Satellite Communication/Broadband Wireless 
Communication/The Internet of Things 
Technology/Graph and Image processing/Audio 
Signal Processing/Video Signal 
Processing/Multimedia Signal Processing and 
Communication/Biological Information 
Processing/Trusted Computing/Software and 
Theory/Software System Architecture/ Information 
Security/Circuit and System/Integrated Circuit 
Design/Mechanical and Electrical Integration 


SCHOOL OF SCIENCE 

Professor/Associate Professor/Assistant Professor 
Condensed Matter 
Physics/Microelectronics/Optoelectronics/Solar Cell 
Department of Mathematics/Computational 
Mathematics/Probability and Statistics / Financial 
Mathematics 


SCHOOL OF MECHANICAL ENGINEERING 
AND MECHANICS 

Professor/Associate Professor 

Fluid Mechanics/Vehicle 
Engineering/Mechanical 
Engineering/Industrial Design 


INTERNATIONAL SCHOOL 
Professor/Assistant Professor 
Accounting 


SCHOOL OF MATERIALS SCIENCE 

AND CHEMICAL ENGINEERING 
Assistant/Associate/Full Professors 

Polymer Science/Chemical Engineering/Materials Science 


SCHOOL OF LAW 

Professor/Associate Professor/Assistant Professor 
Criminal Law/Criminal Procedure Law/Civil Procedure 
Law/Civil Law/Electronic Commerce Law 


SCHOOL OF TEACHER EDUCATION 
Professor/Associate Professor/Assistant Professor 
Curriculum and Teaching Methodology/Higher 
Education/Preschool Education/Educational Economy and 
Management/Cognitive Psychology/Educational 
Psychology/Clinical Psychology/School 
Psychology/Experimental Psychology/Personality 
Psychology/Social Psychology/Management 
Psychology/Computer Graphics and Digital Image 
Processing/Electronic Music, Game Development/3D 
Animation and Game Development 


SCHOOL OF MARITIME AND TRANSPORTATION 
Professor/Associate Professor/Assistant Professor 
Department of Logistics and Transportation/Department of 
Maritime Technology/Department of Marine 
Engineering/Department of Naval Architecture and Ocean 
Engineering 


SCHOOL OF SPORT SCIENCE 

Assistant Professor 

Sport Management/Sport Sociology/Human 
Movement/Sport Training/Sport Physiology 


MEDICAL SCHOOL 

Professor / Associate Professor 

Molecular Biology/Diabetes/Neurobiology/Pathology / 
Pathogenic Microbiology/ Epidemiology 


SCHOOL OF ARTS 

Professor / Associate Professor / Assistant Professor 
Performance of all areas, Musicology (Ethnomusicology), 
music composition 

Art design of all areas, digital arts, fine art, art history, 
art/music industry, art/music therapy 


SCHOOL OF ARCHITECTURE, CIVIL ENGINEERING 


Professor /Associate Professor /Assistant Professor 
Architecture Design/Urban Design/ Urban 
Planning/Architecture Technology/Human Geography/ 
Physical Geography/Cartography and Geographic 
Information System/Environmental Technology/Applied 
Environmental Microbiology 


online @sciencecareers.org 
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® TexXAS TECH UNIVERSITY 
Health Sciences Cencer 
Paul L. Roster Scheel of Medicine 


Assistant or Associate Professors 
Center of Excellence in Diabetes and Obesity Research 


The Department of Biomedical Sciences and the Center of Excellence in Diabetes and Obesity at the 
Paul L. Foster School of Medicine, Texas Tech University Health Sciences Center, El Paso, Texas are 
seeking candidates for tenure track faculty positions at the Assistant or Associate Professor level. This 
is part of a state-funded initiative to enhance research in diabetes and obesity in the US / Mexico border 
region. The Center is primarily interested in investigators with research interests in diabetes and obesity, 
preferably in Hispanic populations or diseases of special interest to Hispanic populations. 


Successful candidates are expected to maintain independently funded research programs in obesity and 
diabetes or a related field. The positions will report to the Chair of the Department of Biomedical Sci- 
ences until such time as a Director of the Center of Excellence is identified. 


Minimum Qualifications: M.D/D.O. with board certification and eligibility for Texas medical license 
or Ph.D. ina field related to diabetes/obesity research from an accredited institution of higher education. 
Minimum 3 years of postdoctoral experience, and a strong publication record. 


Preferred Qualifications: Candidates with experience in diabetes/obesity research and experience in 
using the latest technology preferred. Funded grant support in an area of basic, clinical, or translational 
research strongly preferred. Regional or emerging reputation in the area of diabetes and obesity research 
for consideration at the rank of Associate Professor. Interest in assisting with the development of a new 
Graduate School of Biomedical Sciences strongly preferred. Access to graduate students will depend on 
development of a successful training program, and we look to the candidates to participate in the devel- 
opment of the program. A willingness to start something new, and to help a new institution to grow and 
develop, is also a strongly desired characteristic. Good communication skills and demonstrated ability 
to work in a collegial environment are essential. 


The Center will provide start up funds and partial salary support. 50% of salary should be supported by 
grant funding or a combination of grant funding and clinical/teaching work. Interested candidates must 
apply online at http://jobs.texastech.edu, requisition 84742. A curriculum vitae, a short write up of 
research interests and three references may be attached and sent to: Charles Miller, PhD. charles.miller 
@ttuhsc.edu, Chair, Department of Biomedical Sciences. The position is open until filled. Application 
review will begin immediately. 


Texas Tech University Health Sciences Center is an Equal Opportunity/Affirmative Action Employer. 


Assistant Professor 


Idaho State — f Microbiology 


Pocatello, Idaho 


The Department of Biological Sciences at 
Idaho State University (www.isu.edu/depart- 
ments/bios) invites applicants for 9 month, 
tenure-track position in Microbiology at the 
Assistant Professor level to start Fall 2012. 
All areas of Microbiology will be considered. 
Candidates should outline how they will 
complement current departmental strengths 
in microbial molecular genetics and bio- 
chemistry, extremophile microbiology, and 
biomedical research. The successful candi- 
date is expected to develop and maintain a 
vigorous, externally funded research pro- 
gram, to teach effectively at both the under- 
graduate and graduate levels and perform 
professional and university service. A doctor- 
al degree in Microbiology or a related disci- 
pline and post-doctoral experience are 
required. Review of applications will begin 


January 16, 2012, and will con- 


inue until the position is filled. 
For full consideration, please 
apply through the Idaho State 
University Human Resources 
website (www.isujobs.net). 


Is an equal opportunity/affirmative action 
employer. We have an institu -wide commit- 
ment to inclusion and diversity and encourage all qualified 
individuals to apply. Veterans' preference. 
quest, reasonable accommodations in the application 
will be provided to individuals with disabilities 


Max Planck Institute 
for Ornithology 


The Max Planck Institute for Ornithology, Vogelwarte Radolfzell, is an internationally renowned research institution wor- 
king in the field of Eco-lmmunology and Migration. 


The Max Planck Institute for Ornithology and the University of Konstanz, Chair of Ornithology is seeking, to build up an 
Interdisciplinary Research Group in Global Computational Ecology, 


2 post-doctoral positions in full-time 
in the areas of movement ecology and remote sensing. 


We look for excellent colleagues working in computational ecology / movement ecology on a global scale with emphasis 
on cross-taxa comparisons of patterns of movement and migratory behavior. The successful candidate may take advan- 
tage of the large movement data across various taxa collected at different times with different methods currently stored 
in the global data base movebank.org. Remote sensing skills would be highly useful. The suggested project centers 
around the development of algorithms and statistical procedures to tackle efficiently the comparative aspect of move- 
ment and also is concerned with the processes in acquisition of heterogeneous animal movement data. Together with 
the remote sensing experts (particularly the second postdoctoral position) the project should also investigate the interac- 
tion of different species and their movement patterns in different environmental contexts. The positions will strengthen 
the nascent computational ecology group at the University of Konstanz and the Max Planck Institute for Ornithology and 
the project will be part its ongoing efforts to develop tools and methods to understand animal movement from an ultima- 
te and proximate perspective. A fluent programming in MatLab, SAS, R, C++, Java or any equivalent language is required. 


The successful candidates will be excellent, highly motivated and productive postdoctoral scientists. Successful appli- 
cants will have demonstrated the ability to perform top international research, ideally using integrative approaches to 
study broad-scale ecological questions. 


The positions are available for 2 years and will be hosted by group leader Dr. Kamran Safi. The researcher can expect 
an outstanding scientific environment and excellent support at this newly re-established department of the Max Planck 
Institute for Ornithology in Radolfzell, Baden-Wurttemberg, at Lake Constance. Our department has close ties with the 
nearby University of Constance, a ,cluster of excellence’ university. The language at the institute is English. 


In an effort to employ more people with disabilities, the Max Planck Society specifically encourages people with disabi- 
lities to apply for the position. To increase the employment of women in areas where they are under-represented, the 
Max Planck Society also encourages women to apply for this position. Payment and benefits are according to the German 
TVOD, with the precise salary level (up to maximum level 14), depending on personal qualifications. There will be further 
social benefits according to the provision of the public sector. 


The position will ideally begin in spring/summer 2012. Screening of applications will begin on January 20, 2012. 
For further details, please contact Dr. Kamran Safi (ksafi@orn.mpg.de, phone: +49 (0)7732-150-173). 
Applications should be submitted to include your CV, a 2-page visionary research statement, and a list of three references to: 


Max Planck Institute for Ornithology 
Personalabteilung 
Eberhard-Gwinnerstr. 

D-82319 Seewiesen 

or by email: personal@orn.mpg.de 
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From the journal Science MVAAAS 


Brought to you by the 
AAAS/Science Business Office 


The Baylor Institute for Immunology Research (BIIR) in Dallas, Texas has a mission to 
translate discoveries in immunology from the laboratory into patient care. Established in 1996, 
BIIR currently has over 140 members and includes advanced core facilities such as genomics, 
flow cytometry, confocal microscopy, hybridoma, humanized mice, a BSL-3+ lab and a cGMP 
laboratory. BIIR is a world leader in translational immunology research, including the areas of 
dendritic-cell-based cancer vaccines, autoimmunity and infectious diseases. BIIR has over $16 
million funding annually from NIH, CPRIT, the French research agency (INSERM/ANRS), industry 
and private foundations. BIIR also has very strong support from the Baylor Health Care System. 


Baylor recently recruited Yong-Jun Liu, MD, PhD, as the BIIR Director as well as the Vice 
President and Chief Scientific Officer for Baylor Research Institute. Under this new leadership and 
direction, BIIR is expanding several of its research programs. 


We are recruiting Faculty at all levels for the following areas: 


* Autoimmunity & Inflammation 

+ Cancer Immunology 

+ Genomics & Bioinformatics (Center Director Position also available) 
+ Molecular Immunology 

* Transplant Immunology (Center Director Position also available) 


We also have Project Manager positions available in our autoimmunity and vaccine 
programs. These positions will be responsible for managing our programs from 
preclinical/early clinical trial phase through the clinical trial pipeline, including biomarker 
and vaccine development. Project Managers will work with investigators, regulatory 
organizations (including the FDA), and other internal and external stakeholders. 


For more information on BIIR, please visit our 


website: (AD AUT AD 
i = Trainer for 
ceponn et Immunology Research 
or contact at fiayhir Research Lnsrinune 


or 


online @sciencecareers.org 
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FRED) HUTCHINSON 
CANCER RESEARCH CENTER 


A LIFE OF SCIERCE 


UNIVERSITY anf 
WASHINGTON 


Faculty Position in Infectious Diseases Dynamics Modeling 


The Vaccine and Infectious Disease Division of the Fred Hutchinson Cancer Research Center seeks 
applicants for a full-time faculty position at the Assistant or Associate Member level. The position 
carries a joint or adjunct appointment with the University of Washington at the Assistant or Associ- 
ate Professor level. The successful candidate’s research will focus on mathematical, statistical, and 
computational methods for understanding the transmission dynamics of human pathogens and how 
interventions impact those dynamics and/or dynamics of the interaction between host responses and 
human pathogens. The candidate must hold a doctoral level degree in a quantitative science or in 
one of the following areas: evolutionary biology, evolutionary ecology, mathematics and biology, 
population biology, immunology or medicine. The applicant must have a strong track record in 
the use of deterministic and stochastic modeling, analytic and computational approaches, and use 
of statistical analysis to understand the interhost or intrahost dynamics and biology of infectious 
diseases. The candidate must have expertise in areas relating to the pathogenesis of herpes viruses, 
HIV, influenza, tuberculosis, malaria, dengue and cholera, or other important infectious diseases 
in humans. This individual will be expected to develop an independent research program. A vital 
role for this position is to forge collaborations with colleagues at the Hutchinson Center and at the 
University of Washington; the successful candidate will have a proven ability to establish produc- 
tive collaborations with theorists, experimental immunologists and infectious diseases researchers. 
Salary DOE + excellent benefits. 


To assure consideration, candidates should apply by February 25, 2012 by sending a CV, a concise 
research plan, and the names and contact information for three (3) references to: Christina Wee, 
viddfao@fhcre.org.Later applications may also be considered if the position is not yet filled. 


The University of Washington and the Fred Hutchinson Cancer Research Center are Affirmative 
Action, Equal Opportunity Employers. The University of Washington and FHCRC faculty engage 
in teaching, research and service. We are dedicated to the goal of building a culturally diverse 
and pluralistic faculty and staff committed to teaching and working in a multicultural environment 
and strongly encourage applications from women, minorities, individuals with disabilities and 
covered veterans. The University of Washington, a recipient of the 2006 Alfred P. Sloan award for 
Faculty Career Flexibility, is committed to supporting the work-life balance of its faculty. 


AAAS is here — 


preparing minority students 
for careers in science. 


Part of AAAS’s mission is to strengthen 
and diversify the scientific work force. 

To help achieve this goal, AAAS partners 
with NSF to present the Historically Black 
Colleges and Universities Undergraduate 
Program, a conference where students 
from HBCUs get experience presenting 
their research, networking with peers, 
meeting with representatives from 
graduate schools, and learning about 
career opportunities. As a AAAS mem- 
ber, your dues support these efforts. 

If you’re not yet a member, join us. 
Together we can make a difference. 


To learn more, visit 
aaas.org/plusyou/hbcuup 


MVAAAS+U=A 


WOMEN 
IN SCIENCE 


Read inspiring stories 
of women working in 
“Green Science” 
who are blending 
a unique combination of 
enthusiasm for science 
and concern for others 
to make the world 
a better place. 


Download this 
free booklet 
ScienceCareers.org/ 
LOrealWiS 


This booklet is brought to you by the 
AAAS/Science Business Office 
in partnership with the 
L'Oreal Foundation 


UH 
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The Center for Structural and Systems Biology (CSSB) will be established 
on campus of the German Electron Synchrotron (DESY) in Hamburg. CSSB 
is designed to attract outstanding scientists from a variety of regional and 
national research institutions to establish laboratories and take advan- 
tage of the extraordinary technical facilities and methodological oppor- 
tunities provided by DESY for pioneering work on structural biology. For 
example, the synchrotron storage ring Petra IIl and the European X-ray 
free electron laser XFEL (operational in 2014) will enable scientists to 
follow over time the dynamics of complex cellular processes at atomic 
resolution. In particular, CSSB’s research focus lies in infection research. 
Both its concept and infrastructure will make the CSSB a highly innovative 
alliance institute, enabling it to rapidly gain visibility at national and 
international levels and develop into a leading research center in the field. 


The University of Hamburg together with the University Medical Center 
Hamburg-Eppendorf (UKE), the Heinrich Pette Institute — Leibniz Institute 
for Experimental Virology (HPI) and the Bernhard Nocht Institute for 
Tropical Medicine (BNI) will appoint a total of three professors to establish 
laboratories at CSSB. Scientists at these institutions study biologically and 
medically relevant proteins in multi-component complexes which will be 
investigated by applying biophysical methods at CSSB. 


Applicants are expected to demonstrate research experience on an 
international level as well as a successful track record in acquiring 
external project funding and carrying out externally funded projects. The 
University and the University Medical Center Hamburg-Eppendorf places 
particular value on the quality of teaching. We therefore request 
applicants to provide details of both their teaching experience and their 
future teaching objectives. 


The University and the University Medical Center Hamburg-Eppendorf aims 
to increase the number of women in research and teaching and explicitly 
encourages women to apply. Equally qualified female applicants will 
receive preference in accordance with the Hamburg Higher Education Law. 


The Faculty of Mathematics, Informatics and Natural Sciences (MIN) in 
cooperation with the Heinrich Pette Institute (HPI) wishes to appoint at 
the earliest possible occasion a 


W3 PROFESSORSHIP 
FOR STRUCTURAL BIOLOGY OF VIRUSES ref. 2145/w3 


Tasks and responsibilities: 

The successful candidate’s future research should focus on the biology of 
human-pathogenic viruses. Experience in the investigation of infection 
processes using cryo-electron microscopy/electron tomography is essen- 
tial. The group will maintain laboratories at HPI and at CSSB. 


The Heinrich Pette Institute — Leibniz Institute for Experimental Virology 
is a research facility belonging to the Leibniz Gemeinschaft (WGL). HPI is 
associated with Universitat Hamburg on the basis of a cooperative 
agreement. At HPI more than eighty scientists conduct research on 
human viruses with the aim of understanding viral diseases and 
developing new therapeutic approaches (www.hpi-hamburg.de) 


The Faculty of Mathematics, Informatics and Natural Sciences (MIN) in 
cooperation with the Bernhard Nocht Institute for Tropical Medicine 
(BNI) wishes to appoint at the earliest possible occasion a 


W3 PROFESSORSHIP 


FOR CELLULAR BIOLOGY OF HUMAN PARASITES 
ref. 2146/W3 


Tasks and responsibilities: 

Candidates are expected to have a strong scientific record in the cellular 
biology of human parasites and to address topics of medical relevance 
and biological interest. Research activities should include approaches of 
systems biology designed to identify rate-limiting steps and decisive 
regulatory components of relevant metabolic pathways. The group will 
maintain laboratories at BNI and CSSB. 
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BNI is Germany’s largest institution for research, medical services and 
training in the field of tropical diseases and emerging infections. The 
current research focus is on the molecular biology and immunology of 
plasmodia hemorrhagic fever viruses, mycobacteria and tissue nema- 
todes. In cooperation with the Ghanaian Ministry of Health and Kumasi 
University, BNI runs a modern research and training centre in the West 
African rainforest, which is also available to external research groups 
(www.bnitm.de). 


The Faculty of Medicine at the University Medical Center Hamburg- 
Eppendorf (UKE) wishes to appoint at the earliest possible occasion a 


W3 PROFESSORSHIP 
FOR STRUCTURAL AND SYSTEMS BIOLOGY OF 
BACTERIA tef. Fk 03-115/3 


Tasks and responsibilities: 

The candidate must demonstrate excellent scientific qualifications in the 
field of structural and/or systems biology of bacterial infectious agents 
and must describe in detail how he or she will use the various existing 
and planned radiation sources at DESY (Petra Ill, XFEL). 


The University Medical Center Hamburg-Eppendorf has a research focus 
in the field of inflammation, infection and immunity. 


Employment requirements: 

Requirements for these posts are a university degree, a doctorate and 
additional scientific achievements via postdoctoral qualifications such as 
a habilitation, a junior professorship or scientific work at a university or 
research institution in accordance with § 15 of the Hamburg Higher 
Education law. 


Applicants are expected to have international scientific experience. The 
scientific excellence of the applicant must be documented by publi- 
cations in highly-ranked journals as well as by a successful track record 
in acquiring external research funding. The successful candidate is 
expected to develop CSSB into a first class research facility in the field 
of systems and structural biology, particularly with a focus on 
infectious diseases, in co-operation with the group leaders of the other 
CSSB units. 


Post holders are required to teach four hours a week. Foreign applicants 
are expected to be able to teach in German in due time. 


Severely disabled applicants will receive preference over equally quali- 
fied, non-disabled applicants. 


Applications should include: a curriculum vitae, copies of references and 
certificates, a list of publications, details of teaching experience and 
proposals for future courses, a description of previous and planned 
research topics that make use of the radiation sources available at the 
DESY facilities, a proof of external funding acquired personally by the 
applicant. 


Please send applications for the professorship 2145/W3 or 2146/W3 in 
either paper or electronic (PDF) form to: 

Den Prasidenten der Universitat Hamburg, Referat Organisation & 
Personalentwicklung, Ausschreibungsstelle, Moorweidenstrake 18, 
20148 Hamburg, Germany, or via email to: UniHHAusschreibungsstelle@ 
verw.uni-hamburg.de. 


Applicants for the professorship at the University Medical Center 
Hamburg-Eppendorf are asked to send four copies of the above 
documentation together with the code number FK 03-115/3 to: 

The Dean of the Faculty of Medicine, Universitat Hamburg, Fakultats- 
service -SV-, Martinistra&e 52, 20246 Hamburg. 


The deadline for applications is February 2"4, 2012. 


For further information or enquiries, please contact Prof. ar 
Dr. Chris Meier (chris.meier@chemie.uni-hamburg.de) or | | zetwctin, 
Prof. Dr. Martin Aepfelbacher (m.aepfelbacher@uke.de). a 
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Get a Career Plan that Works. 


An exceptional career requires insightful planning and management. 
That’s where Science Careers comes in. From job search to career 
enhancement, Science Careers has the tools and resources to help 


you achieve your goals. Get yourself on the right track today and get a From the journal Science PANAAAS 


real career plan that works. Visit ScienceCareers.org. 


Science Careers 


ScienceCareers.org 


THE USIVENISIT? OF HOG KOS 


Faculty Positionsain 


x 
Science and Engineering 


The Skolkovo Instigiite, of SCrBNICe and Technology 
Moscow, Russia | 
Founded in 1911, The University of Hong Kong is committed to the highest international 
standards of excellence in teaching and research, and has been at the international forefront 


The Skolkovo Institute of Science and Technology (SkTech) seeks 


candidates for tenured and tenure-track positions to begin of academic scholarship for many years. The University has a comprehensive range of study 
July 1,2012 or thereafter. SkTech is a new private university programmes and research disciplines spread across 10 faculties and about 100 sub-divisions 
located just outside of Moscow and established in collaboration of studies and learning. There are over 23,400 undergraduate and postgraduate students 
with the Massachusetts Institute of Technology (MIT). coming from 50 countries, and more than 1,200 members of academic and academic-related 


staff, many of whom are internationally renowned. 


1. School of Biological Sciences 


SkTech aims to advance education, scholarship and economic 
development in the Russian Federation and beyond by educating 


leading graduate students and conducting research programs that (A) Tenure-Track Professor in Food/Nutritional Sciences (Ref.: 201101146) 
address key challenges in science, technology and innovation. (B) Tenure-Track Associate Professor/Assistant Professor in Molecular 
ve eat ncaa oe Toxicology/Food Toxicology (Ref.: 201101147) (C) Tenure-Track Associate 
ee Professor/Assistant Professor in Genomic/Proteomics/Metabolomics 
Inspired’ eadersiip WL research, graclateecUcationang (Ref.: 201101148) (from July 1, 2012 or as soon as possible thereafter. The positions are first 
innovation for others to follow and will have an opportunity offered on a three-year fixed-term basis, with the possibility of renewal and with consideration 
to spend the first year in residence at MIT. for tenure during the second fixed-term contract. For exceptionally outstanding candidates, 
early tenure may be considered.) 
Applicants are invited to apply in SkTech’s five areas of focus: The School of Biological Sciences is ranked amongst the top five research schools/departments 
Information Science and Technology, Biomedical Science and of life sciences in Asia (QS World University Rankings 2011). Current expertise of the School 
Technology, Energy Science and Technology, Space Science and includes endocrinology, molecular biology, cell biology, biotechnology, ecology, aquatic biology, 
Technology, and Nuclear Science and Technology. biodiversity, phylogenetics, environmental toxicology, food sciences and nutrition. Further 
information about the School can be obtained at http://www.hku.hk/biosch/. 
Please visit http://web.mit.edu/sktech for more information and For post (A), the appointee is expected to teach courses related to food sciences, food 
submit application materials to https://sktech-search.mit.edu/ biotechnology and nutritional sciences. For post (B), the appointee is expected to teach 
by January 31, 2012. courses related to food toxicology, food safety and/or environmental toxicology. For 
post (C), the appointee is expected to teach courses related to omics, molecular biology 
SkTech is committed to diversity and equity, and all are invited and cell biology. 
to apply without regard for gender, race or national origin. For enquiries of the existing research activities and the specific job requirements, 
Compensation at SkTech is internationally competitive. please write to Professor Rudolf Wu, Director of the School of Biological Sciences 


(e-mail: rudolfwu@hku.hk). Applicants should send a formal application, together 
; with a curriculum vitae, a research plan, and a statement on teaching philosophy 
i to sbsrect@hku.hk. 


In collaboration with Massachusetts Institute of Technol 
parents Wan rea yratere Pree er eee gees Applicants who have responded to the previous advertisements (Ref: 20100073 and 20100075) 
need not re-apply. Closes March 31, 2012. 


2. Faculty of Science 


Tenure-Track Associate Professor/Assistant Professor in Environmental 
Science (Ref.: 201101110) (from July 1, 2012 or as soon as possible thereafter. The post will 
initially be made on a three-year term with the possibility of renewal upon mutual agreement. 
Appointment with tenure will be considered during the second three-year contract.) 


The Faculty of Science is expanding on its research and teaching program in environmental 
science. Information about the Faculty can be obtained at http://www.hku.hk/science. 


For an Associate Professorship, applicants should be able to demonstrate excellence 
in teaching and research in related areas and should possess a proven record of high- 
quality scholarship and services. The appointee should be able to provide academic 
leadership in both research and teaching, and is also expected to supervise postgraduate 
students, conduct an ongoing active research agenda, obtain research grants, and serve 
on committees within the University and in external professional organizations. For an 
Assistant Professorship, applicants should possess good teaching and research skills 
and be able to demonstrate a strong potential for research excellence. The appointee is 
expected to commit to high-quality scholarly research, submit grant proposals, publish 
in top-tier academic journals, and supervise postgraduate students. For enquiries of the 
existing research activities and the specific job requirements, please write to Professor 
Sun Kwok, Dean of Science (e-mail: deansci@hku.hk). Applicants should send a completed 
application form, together with a curriculum vitae, a detailed publication list, a research 
plan and a statement on teaching philosophy, which includes a portfolio of syllabi and 
descriptions of courses they have taught or co-taught, to sciappt@hku.hk. They should 
also arrange for submission of three references from senior academics who are familiar with 
their teaching approaches, skills and experience. Closes January 31, 2012. 


Applicants should indicate clearly the reference number in the subject of the e-mail and which level 
they wish to be considered for. The appointee is expected to develop an active research programme, 
publish in top-tier journals, and contribute to both undergraduate teaching and graduate supervision. 
Applicants for a Professorship/Associate Professorship should have a strong record of obtaining 
external grant support, and are expected to provide academic leadership in their research areas. 
Applicants for an Assistant Professorship should demonstrate a strong potential for obtaining 
competitive external funding and conducting high-quality research. 


A globally competitive remuneration package commensurate with the appointee’s qualifications 
and experience will be offered. The appointments will attract a contract-end gratuity and 
University contribution to a retirement benefits scheme, totalling up to 15% of basic salary, 
as well as leave, and medical benefits. Housing benefits will be provided as applicable. At 
current rates, salaries tax does not exceed 15% of gross income. 


CSC SYMPOSIUM ees 
Epigenetic Regulation 


FROM 


MECHANISM 
TO 


INTERVENTION 


London 20-22 June 2012 


Tim Aitman London Thomas Jenuwein Fi 
Asifa Akhtar Frei 

Brad Bernstein B 

Emily Bernstein New 

Wendy Bickmore Edinbur 

Con: e Bonifer Art Petronis Mon 
Laurie Boyer Bost Ana Pombo Lo 

Neil Brockdorff | Wolf Reik C 

Niall Dillon Lor Danny Reinberg / 
Manel Esteller Barcel Paolo Sassone-Corsi Ir 
Anne Ferguson-Smith 


Laszlo Tora Strasbour 
Li-Huei Tsai 
Bas Van Steensel 


Doug Higgs Ox 
Caroline Hill Lc 
Richard Jenner London 


Application form (341/1111) can be obtained at http://www.hku.hk/apptunit/form-ext.doc. 
Further particulars can be obtained at htto://www.hku.hk/apptunit/. The University thanks 
applicants for their interest, but advises that only shortlisted candidates will be notified of 
the application result. 


The University is an equal opportunity employer and is committed to a No-Smoking Policy 


Organisers: 
Niall Dillon, Jest Gil, Tim Aitman,Ana Pombo 


Imperial College www.csc.mrc.ac.uk/epigenreg20 12 
London REGISTRATION DEADLINE: 18 MARCH 2012 


online @sciencecareers.org 


N 
re 
o 
i 
& 
O 
g 
= 
= 
QO 
7) 


POSITIONS OPEN 


FACULTY POSITION 
Molecular Cell Biology 


The Department of Biological Sciences at 
Rutgers University-Newark invites applications 
for a state-funded, tenure-track ASSISTANT 
PROFESSOR position. Applicants must have a 
Ph.D. degree or equivalent and postdoctoral ex- 
perience along with a track record of research 
accomplishment. We are searching for a faculty 
colleague working in the broadly defined area of 
Molecular Cell Biology. Applicants whose re- 
search program examines cytoskeleton, cell polar- 
ity, cell-cell interaction, organelle biogenesis, or 
signal transduction using multiple methodologies 
including molecular, genetic, and live cell imag- 
ing on vivo and/or in vitro systems are strongly 
encouraged to apply. 

The successful candidate will receive generous 
start-up support and ample laboratory space in 
anticipation of developing a robust, externally 
funded, independent research program. The can- 
didate will also contribute to the undergraduate 
and graduate teaching missions of the department. 

Applicants should submit a single PDF docu- 
ment containing a cover letter, curriculum vitae, 
brief summary of current and proposed research 
plans, selected publications and have three letters 
of recommendations sent to e-mail: biosearc@ 
newark.rutgers.edu. Review of applications will 
begin January 20, 2012 with an anticipated start 
date of September 2012. Rutgers University is the 
recipient of the NSF ADVANCE Institutional Transfor- 
mation Award and it is also an Affirmative Action/Equal 
Opportunity Employer. 


THE SARAH AND DANIEL HRDY 
Fellowship in Conservation Biology 
Department of Organismic and 
Evolutionary Biology 
Harvard University 


The Department of Organismic and Evolutionary 
Biology invites applications or nominations for the 
Sarah and Daniel Hrdy Visiting Fellowship in Conser- 
vation Biology. The Hrdy Visiting Fellowship is 
available either at the senior faculty level or at the junior 
(i.e., postdoctoral) level for one or two semesters. Du- 
ties include teaching one course and/or giving lectures 
in conservation biology, as well as research and col- 
laboration with members of the Harvard community. 
Recipients of this fellowship are expected to have a 
strong and transformative effect on the study of con- 
servation biology at Harvard, from the undergraduate 
to the senior teaching level. The fellowship includes a 
stipend with modest additional funds for research and 
teaching. Applicants should contact a faculty sponsor(s), 
with whom they will collaborate, before applying. Ap- 
plications should include a cover letter with a statement 
of intent, curriculum vitae, and representative publica- 
tions, and applicants should arrange to have three letters 
of reference sent. 

Please submit applications online at website: http:// 
academicpositions.harvard.edu/postings/3911. 

Applicants should contact a faculty sponsor(s), with 
whom they will collaborate, before applying. Applica- 
tions should include a cover letter with a statement of 
intent, curriculum vitae, and representative publications, 
and applicants should arrange to have three letters of 
reference sent. 

Further information about OEB is available at website: 
http://www.oeb.harvard.edu. Address questions about 
the application /nomination process to Mr. Christopher 
Preheim in OEB e-mail: cpreheim@oeb.harvard.edu. 

Review of applications will begin on March 1, 2012. 

Harvard University is an Affirmative Action/Equal Opportu- 
nity Employer. Applications from women and minority candidates 
are strongly encouraged. 
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POSITIONS OPEN 


BIOLOGY POSITIONS 


University of Wisconsin—Parkside 


The Biological Sciences Department at the Univer- 
sity of Wisconsin—Parkside invites applications for two 
positions, both beginning August 2012. First, a Tenure- 
Track ASSISTANT PROFESSOR (nine month) po- 
sition in Mammalian Physiology, primary responsibilities: 
teaching, research, and service. Qualifications include: 
Ph.D., postdoctoral experience, relevant research and 
teaching experience, and sensitivity to, or experience 
in, working with a diverse, multicultural population. 
Second, a LECTURER (nine month) position in 
Human Anatomy, primary responsibility for teaching. 
Qualifications include: M.S. or Ph.D., relevant teaching 
experience, and sensitivity to, or experience in, working 
with a diverse, multicultural population. Applications for 
both positions received by February 15, 2012 are en- 
sured full consideration; positions are open until filled. 
For more details visit website: http://www.uwp. 
edu/departments /human.resources/unclassified. 
positions /index.cfm. University of Wisconsin—Parkside is 
an Affirmative Action/Equal Employment Opportunity Employer. 


ASSOCIATE RESEARCH SCIENTIST 
Department of Neurological Surgery 
Columbia University 


Columbia University’s Department of Neurological 
Surgery invites applications for two research positions 
available to begin January 2012. Ph.D. and/or M.D. 
and a strong research background in either spinal neu- 
ronal networks or the cellular mechanisms of glioblas- 
toma are required. 

Both positions require a wide range of technical skills, 
including confocal microscopy, electron microscopy, 
single-cell microdissection, RNA and DNA amplifica- 
tion, and fluorescent labeling. The successful applicant 
will also have expertise in developing transgenic mouse 
models. 

All applications must be made through Columbia Uni- 
versity’s online RAPS application system at website: 
https: //academicjobs.columbia.edu/applicants/ 
Central?quickFind=55680. 

Columbia University is an Equal Opportunity /Affirmative Action 
Employer. 


POSTDOCTORAL POSITION in 
Brain Targeting/Cancer Immunology 

A position (two years) is available immediately in the 
laboratory of Ulrich Bickel, M.D., Department of 
Pharmaceutical Sciences, Texas Tech University Health 
Sciences Center at Amarillo. Our group focuses on 
blood-barrier transport mechanisms and drug delivery. 
The successful applicant will work on an innovative new 
project exploring the targeting of breast cancer metas- 
tasis in brain using a novel type of monoclonal antibody 
(J. Cell Physiol. 225:664-672; J. Immunol. 186: 3265- 
3276) funded by the Cancer Prevention and Research 
Institute of Texas (CPRIT). Background in pharmacology/ 
pharmaceutical sciences or related areas with experi- 
ence in pharmacokinetic studies in rodents, cell culture, 
and histological techniques, including (confocal) fluo- 
rescence microscopy is advantageous. For more infor- 
mation about this position and to apply, visit our website: 
http://jobs.texastech.edu. Equal Opportunity Employer/ 
Affirmative Action/ADA. 


ASSISTANT/ASSOCIATE/ 
FULL PROFESSOR 
Biomedical Research and Technology 


The College of Sciences at the University of Nevada, 
Las Vegas seeks applicants for a tenure-track or tenured 
faculty position in the broad disciplinary area of Bio- 
medical Research and Technology. This faculty position 
may reside in the School of Life Sciences, or in other 
departments within the College of Sciences, as appro- 
priate. A complete job description with application 
details may be obtained by visiting website: http:// 
jobs.unlv.edu or calling telephone: 702-895-2894. 
Equal Employment Opportunity /Affirmative Action Employer. 


DIRECTOR 

U.S. Geological Survey Western Fisheries Research 
Center, Seattle. Molecular to ecosystem scale fisheries 
research throughout the Western U.S.; six laboratory 
locations support genetic, conservation, habitat, climate 
change, and other investigations. Competitive salary 
and federal benefits. Apply at website: http://www. 
usajobs.gov. Title: Western Fisheries Research Center 
Director, GS-0401/0482-15. The federal government is an 
Equal Opportunity Employer. 


Your 

Ca reer Get help 
IS O U r from the 
C a TT S e : experts. 


www. 
sciencecareers.org 


Job Postings 


Job Alerts 


Resume/CV 
Database 


Career Advice 
Career Forum 


Science Careers 


From the journal Science PAYAAAS 


Find 
your future 
here. 


Science Careers 


MVAAAS 


From the journal Science 


www.ScienceCareers.org 


6 JANUARY 2012 VOL 335 SCIENCE www.sciencecareers.org 


oZ 
~~ sysmex 


- Prospective Protein TC 


Evolution comes, suddenly. 


Bringing unprecedented efficiency to pharmaceutical development: 
Introducing ProCube, a service that assists the analysis of protein interactions. 


You want to outsource search and quality control processes. Features of ProCube 
But you need the work done quickly, and you want to keep a lid 
on costs. ProCube is designed to meet the demands of this 
type of development environment. We offer high-quality, 


@ Validation data 


We provide peace of mind and earn 
customers’ trust by centralizing 


ready-to-use analytical tools based on proprietary specimen immobilization work and including 
testing technology and protein production technology that interaction analysis results. 

uses silkworms. This approach streamlines business processes @ Multi-variety, high-volume samples 
from search to quality control. The evolution of the pharmaceu- We can accommodate a broad range of 
tical development environment starts with Sysmex. applications using silkworm technology. 


procube.sysmex.co.jp 


Sysmex Corporation 
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www.cellsclences.com 


cell sciences’ 


Browse our web site of recombinant 
proteins, including cytokines, growth 
factors, chemokines and neurotrophins. 
Daily shipping and competitive pricing are 
offered. Bulk quantities of many proteins 
available. Cell Sciences also carries 
corresponding antibodies and ELISA kits. 


LIST OF PROTEINS 
4-1BBL 

4-1BB Receptor 

6 Ckine 

ACAD8 

ACAT2 
gAcrp30/Adipolean 
Activin A 

ACY1 

ADAT1 

Adiponectin 

ADRP 

AITRL 

Akt1 

Alpha-Feto Protein (AFP) 
Alpha-Galactosidase A 
Angiopoietin-1 (Ang-1) 
Angiopoietin-2 (Ang-2) 
Angiostatin K1-3 
Annexin-V 

apo-SAA 

Apoliprotein A-1 
Apoliprotein E2 
Apoliprotein E3 
Apoliprotein E4 
APRIL 

Artemin 

ATF2 

Aurora A 

Aurora B 

BAFF 

BAFF Receptor 
BCA-1 / BLC / CXCL13 
BCMA 

BD-1 

BD-2 

BD-3 

BDNF 

Bivalirudin 

BMP-2 

BMP-4 

BMP-7 

BMP-13 

sBMPR-1A 

Brain Natriuretic Protein 
BRAK 

Breast Tumor Antigen 
C5a 

C5L2 Peptide 

C-10 

C-Reactive Protein 
C-Sre 

Calbindin D-9K 
Calbindin D-28K 
Calbindin D-29K 
Calmodulin 

Calcitonin Acetate 
Carbonic Anhydrase III 
Carcino-embryonic Antigen 
Cardiotrophin-1 


Caspase-3 
Caspase-6 

CD4 

cD14 

CD22 

CD40 Ligand / TRAP 
CD95 / sFas Ligand 
CD105 / Endoglin 
CHIPS 

CNTF 

Collagen 

CREB 
CTACK/CCL27 
CTGF 
CTGFL/WISP-2 
CTLA-4/Fe 

CXCL16 

Cytokeratin 8 

DEP-1 
Desmopressin 
Disulfide Oxidoreductase 
E-selectin 

ECGF 

EGF 

Elafin/SKALP 
EMAP-II 

ENA-78 

Endostatin 
Enteropeptidase 
Eotaxin 

Eotaxin-2 

Eotaxin-3 (TSC) 
EPHB2 

EPHB4 

Eptifbatide 

Erk-2 

Erythropoietin (EPO) 
Exodus-2 

Fas Ligand 

Fas Receptor 

FGF-1 (acidic) 
FGF-2 (basic) 
FGF-4 

FGEF-5 

FGF-6 

FGF-7/ KGF 

FGF-8 

EGE-9 

FGF-10 

FGF-16 

FGF-17 

FGF-18 

FGF-19 

FGF-20 

sFGFR-1 (llc) / Fc Chimera 
sFGFR-2 (llc) / Fc Chimera 
sFGFR-3/ Fe Chimera 
sFGFR-4 / Fc Chimera 
sFit-1 (native) 


sFlt-1 (D7 
Fit3-Ligan 

sFIt-4 

sFit-4/ Fe Chimera 
Follistatin 

FSH 

Fractalkine/ CX3C 
G-CSF 
a-Galactosidase A 
Galectin-1 
Galectin-3 
Gastrointestinal CA 
GCP-2 

GDF-3 

GDF-9 

GDF-11 

GDNF 

GLP-1 

Glucagon 
Goserelin 
GM-CSF 

GPBB 

GRO« 

GROB 

GROy 
GRO/MGSA 
Growth Hormone 
Growth Hormone BP 
GST-p21/WAF-1 
HB-EGF 

HCC-1 

HGF 
Histdyl-tRNA synthetase 
Histrelin 

HRG1-61 

1-309 

I-TAC 

IFN-o 

IFN-a A 

IFN-o 2a 

IFN-o 2b 

IFN-B 

IFN-y 

IFN-Omega 

IGF-I 

IGF-II 

prolGF-II 

IGFBP-1 

IGFBP-2 
IGFBP-3 
IGFBP-4 
IGFBP-4 
IGFBP-5 
IGFBP-6 
IGFBP-7 

IL-10 

IL-1B 


) 
) 
D5) 
) 
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IL-2 

IL-3 

IL-4 

sIL-4 Receptor 
IL-5 

IL-6 

sIL-6 Receptor 
IL-7 

IL-8 (72 a.a.) 
IL-8 (77 a.a.) 
IL-9 

IL-10 

IL-11 

IL-12 

IL-13 

IL-13 analog 
E15) 

IL-16 (121 a.a.) 
IL-16 (130 a.a.) 
IL-17 

IL-17B 

IL-17D 

IL-17E 

IL-17F 

IL-19 

IL-20 

IL-22 

IL-31 

Insulin 


KC / CXCL1 
KGF 
L-asparaginase 
LAG-1 

LALF Peptide 
LAR-PTP 
LC-1 

LBP 

LD-788 

LDH 
LEC/NCC-4 
Leptin 

LIGHT 

LIX 

LKM 

LL-37 
Lymphotactin 
sLYVE-1 
M-CSF 
MCP-1 (MCAF) 
MCP-2 
MCP-3 
MCP-4 
MCP-5 

MDC (67 a.a.) 
MDC (69 a.a.) 
MDH 


MEC 

Mek-1 

MIA 

Midkine 

MIG / CXCL9 
MIP-10/ CCL3 
MIP-1B / CCL4 
MIP-3 / CCL23 
MIP-30./ CCL20 
MIP-3B8 / CCL19 
MIP-4 (PARC) / CCL18 
MIP-5 / CCL15 
MMP-3 

MMP-7 
MMP-13 
Myostatin 
Nanog 

NAP-2 
Neurturin 
NFAT-1 
beta-NGF 
NOGGIN 

NOV 

NP-1 
NT-1/BCSF-3 
NT-3 

NT-4 

Ocreotide 
Oncostatin M 
Osteoprotegerin (OPG) 
OTOR 

Oxytocin 

p38-a 
Parathyroid Hormone 
PDGF-AA 
PDGF-AB 
PDGF-BB 
Persephin 

PF-4 

PIGF-1 

PIGF-2 

PKA a-subunit 
PKC-a 

PKC-y 
Pleiotrophin 
PLGF-1 
Polymyxin B (PMB) 
PRAS40 

PRL-1 

PRL-2 

PRL-3 
Prokineticin-2 
Prolactin 
Protirelin 
PTHrP 

PTP1B 
PTP-IA2 
PTP-MEG2 
PTP-PEST 


sRANK 
sRANKL 
RANTES 
RELM-o 
RELM-B 
Resistin 


SDF-16 

Secretin 

SF20 

SHP-2 

STAT1 

c-Src 

TACI 

TARC 

TC-PTP 

TECK 

TFF2 

TGF-a 

TGF-61 

TGF-B2 

TGF-B3 

Thymosin 1 
sTIE-1/Fe Chimera 
sTIE-2/Fce Chimera 
TL-1A 

TNF-a 

TNF-B 

sTNFR1 

sTNFR2 

TRO 
TRAIL/Apo2L 
sTRAIL R-1 (DR4) 
sTRAIL R-2 (DR5) 
TSH 

TSLP 

TWEAK 

TWEAK Receptor 
Urokinase 
VEGF121 
VEGF145 
VEGF165 
VEGF-C 

VEGF-C 1525 
EG-VEGF 
VEGF-E 
HB-VEGF-E 
sVEGFR-1 
sVEGFR-2 
sVEGFR-3 
WISP-1 

WISP-2 

WISP-3 

WNT-1 


CELL SCIENCES INC ¢ 480 NEPONSET STREET, BUILDING 12A, CANTON, MA 02021 * INFO@CELLSCIENCES.COM 


TOLL FREE: (888) 769-1246 ¢ TEL: (781) 828-0610 © FAX: (781) 828-0542 * WEB: WWW.CELLSCIENCES.COM 
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Prize for Young 
Life Scientists 


Congratulations to our 2011 winners! 


Dr. Erez Lieberman Aiden Dr. Eran Eden 


Dr. Felipe Karam Teixeira 


Grand Prize Winner and Regional Winner, Regional Winner, Europe 


Regional Winner, North America All Other Countries 


Essay: Mechanisms of 


Essay: Zoom! Essay: Proteome Dynamics Transgenerational DNA 
and Fate the of Individual Cancer = Methylation Inheritance 
Cells in Response to a Drug 


GE Healthcare 


www.gescienceprize.org 


Dr. Tatsuya Tsukahara 
Regional Winner, Asia 


Essay: CDK Directs the 
Chromosome Passenger 
Complex to Centromeres for 
Chromosome Bi-Orientation 


Science 


AVAAAS 


SPECIAL OFFER 
ANTIBODY 


EPITUMICS SPECIAL 


BETTER ANTIBODIES + BETTER SCIENCE 
Find out more @ 
www.epitomics.com/products/ 


ANTIBODIES for AUTOPHAGY 


meron 


Phagophore Autophagosome Lysosome 


e High quality antibodies to autophagy targets: Atg family members, LC3 and more 
e Validated in WB, IHC, IF, IP and FACS 
e Over 7000 antibodies and counting 


Epitomics provides a wide range of high quality antibodies for autophagy-related 
targets. Using our patented Rabbit Monoclonal Antibody (RabMAb®) technology, 
we have developed a collection of high quality autophagy-specific antibodies. This 
includes RabMAbs to several important autophagy markers, such as Atg family 
members and LC3 (MAP1LC3). 


Every RabMAb is validated in western blot, immunohistochemistry, immunofluo- 
rescence, immunoprecipitation and flow cytometry before release, so you can be 
assured which assays the antibody will work for before purchasing. 


° ° ° 
Find out more @ www.epitomics.com/autophagy pace ire 
Immunofluorescent staining of HeLa cells Immunohistochemical analysis of 
using anti-Atg3 RabMAb (cat. # 3580-1). paraffin-embedded human hepatocellular 
carcinoma tissue using anti-Atg5 RabMAb (cat. # 
3167-1). 


US & Canada| 1-877-772-2622 


700% SATISFACTION GUARANTEE] Antibody Satisfaction G 
[locsssinsracroncusrame] Antibody Satisfaction Guarantee www.epitomics.com Outside NA | 650-583-6688 


Whoever said 

t's the journey 
not the 
destination. 


never had to bring a product to market 


Biopharmaceutical development is difficult. At the core of every 
successful development program is the ability to produce a 
sufficient quantity and quality of protein — rapidly and repeatedly. 
Our partners’ ability to rely on the same production platform in 
discovery, throughout development_and into commercialization 
enables them to focus on developing, not producing their product. 
The unprecedented success rate of Pfenex Expression Technology™ 


makes this a reality. 


It’s all about the destination. 


pfenex.com 


SDL. 
~Pfenex Inc. 


Your Premier Protein Production Partner 


Same Abcam. 


® 
New Products abcam 


We offer a wide 
range of products, 
all backed up by the 
same high quality 
data that you would 
expect from Abcam. 


New products Same Abcam 


* Biological dyes and thermo-reversible gels * Customer reviews 
* Cell viability, cell proliferation and senescence kits « FAQs 

¢ EasyLink antibody conjugation kits * Images 

¢ ELISA, ELIPAIR, ELISPOT and FLUOROSPOT kits « Protocols 
* Epigenetic kits * References 

¢ Proteins from diverse expression systems ¢ Tested applications 


¢ Secondary antibodies Troubleshooting tips 


Discover more at abcam.com 


265_11_SS 


The Protetn Source 
Reagent Proteins is the source for high quality reagent, 
pre-clinical and cGMP proteins. 


Order now to experience cost-effective, 
rapid delivery of high quality proteins to 
enable your R&D efforts. 


Vaccine Components 
Bacterial and Viral Antigens 
Cytokines 
Chemokines 
Growth Factors 
Antibodies 
Custom Reagents 


Visit our website for a complete listing of 
over 5,000 high quality reagent proteins, 
specialized products and vaccine components. 


&S Reagent Proteins 


piviston or Pfénex Inc. 


phone 858 - 352 - 4400 reagentproteins.com fax 858 - 352 - 4602 


Little Genius 


& 


BLItz brilliantly packs the power of Dip and 
Read™ label-free analysis into a personal assay 
system. Give BLItz a drop of your sample and it 
does the rest! 


e Protein presence/absence in seconds 
e Binding kinetics assays at your bench 
e Protein quantitation in seconds 

e Develop immunoassays in minutes 


e Easily analyze crude samples 


Cleverly priced under $20K so you can have 
your own little genius. 


Want to try BLItz in your lab? Visit 
BlitzMeNow.com or call 855.BLITZ.ME. 
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AAAS ANNUAL MEETING 
Be Part of a Winning Team 


Vancouver is a dynamic, multicultural city set in a spectacular They represent nearly all U.S. states and territories as well as 
natural environment. It was the proud host of the 2010 up to 55 countries. Technologically savvy, our attendees are 
Olympic and Paralympic Winter Games. In 2012 it hosts the always looking for new and improved tools and resources. 


world’s annual Olympiad of Science, 16-20 February. Take this opportunity to select or design your 


AAAS organizes an international conference annually— sponsorship and secure your exhibit space. 
4 days of symposia, lectures, seminars, workshops, and 
poster sessions that cover every area of science, technology, 
and education. We also organize a unique community 
science showcase that offers an array of hands-on 
demonstrations and other family friendly activities. 


For more information about sponsorship 
opportunities and the exhibition, contact 
Isabel Patterson, AIM Meetings, 

(703) 549-9500; ipatterson@aimmeetings.com. 
For the program, go to www.aaas.org/meetings. 


Attendees constitute a highly educated, global market 
that promotes the effective use of research and practice. 


Presenting sponsor 


a place of mind 


THE UNIVERSITY OF BRITISH COLUMBIA 
EUROPEAN COMMISSION 


European Research Area 


Council of Canadian Academies 
Conseil des académies canadiennes 


Canada @ f peribba arts Nl 


AAAS thanks 
KAVLI FOUNDATION forits generous support of the Science Journalism Awards. 
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LIFE SCIENCE TECHNOLOGIES 


NEW PRODUCTS: PROTEIN ANALYSIS 


Produced by the Science/AAAS Custom Publishing Office 


Syngene 


TRANSILLUMINATOR 

The UltraSlim-LED blue light transilluminator is a high-intensity LED light transilluminator, 
which allows scientists safe, sensitive viewing of a wide range of fluorescently stained 
DNA/RNA gels. The compact UltraSlim-LED transilluminator uses LEDs to produce an 
Epi-blue light with a narrow emission peak centred at 470 nm. This is not only safer 
but is comparable to ultraviolet (UV) light for the excitation of most fluorescent dyes, 
including Ethidium bromide, GelRed, GelGreen, SYBR Gold, SYBR Green, SYBRSafe, 
and the new UltraPower DNA safe dye. The UltraSlim-LED can be used as a portable 
transilluminator on the bench as the system is easy to lift, takes up very little bench 
space and scientists do not have to worry about stray UV light causing retinal and skin 
damage. The transilluminator features a special built-in glass filter lid, providing optimum 
viewing conditions for band cutting. 


For info: +44-(0)-1223-727123 | www.syngene.com 


a 


PROTEIN ASSAY 

The RED 660 Protein Assay is a single reagent colorimetric assay 
that outperforms commercial colorimetric assays such as Bradford 
and improved Coomassie/Bradford. The RED 660 Protein Assay of- 
fers greater linearity, greater color stability, and greater compatibil- 
ity with detergents, reducing agents and other interfering agents 
compared to the Coomassie assays. The RED 660 Protein Assay, 
based on a single proprietary dye-metal complex reagent, is sup- 
plied ready-to-use, allowing for the rapid analysis of total protein con- 
centration and the generation of highly reproducible results. Suit- 
able for simple, rapid estimation of protein concentration, the RED 
660 Protein Assay detects proteins in the range of 50 to 2,000 ug/ 
mL. The assay enables protein estimation to be performed using as 
little as 0.5 ug protein. While compatible with most detergents, its 
compatibility can be even further enhanced by using G-Biosciences’ 
Neutralizer. 

G-Biosciences 

For info: 314-991-6034 | www.gbiosciences.com 


AUTOMATED RECOMBINANT PROTEIN SYNTHESIS/ 
PURIFICATION SYSTEM 

The ExiProgen is the first automated recombinant protein synthesis/ 
purification system in the world. Bioneer's ExiProgen system is a 
breakthrough in synthetic biology that allows for rapid, small-scale 
in vitro synthesis and purification of 1 to 16 different proteins per 
run. System automation allows for a simple template-DNA-input, 
purified-protein-output workflow in approximately six hours. The E. 
col-based transcription/translation system is designed to maximize 
efficiency and yield. Purification of the expressed protein is carried 
out by His-tag purification using Bioneer’s spherical nickel-magnet- 
ic nanoparticles. The net result is 1-16 samples of up to 100 ug of 
> 90% pure protein(s). ExiProgen, like its sister instrument the Exi- 
Prep 16 Plus, can also perform RNA and DNA extractions from a 
variety of samples making it one of the most versatile instruments 
on the market today. 

Bioneer 

For info: 877-264-4300 | www.bioneer.com 


MAGNETIC BEAD IMMUNOASSAYS 

The Procarta Immunoassay Kit detects cytokines, growth factors, 
and other proteins with great sensitivity and reproducibility. The new 
magnetic bead format is an affordable and simple solution that helps 
automate and streamline the workflow for protein-expression pro- 
filing and quantitation. The Procarta Immunoassays provide a com- 
prehensive analyte menu available in six species including human, 
mouse, rat, nonhuman primate, canine, and porcine. The assays are 
compatible with many sample types including plasma, serum, ce- 
rebrospinal fluid, saliva, bronchoalveolar fluid, nasal lavage, cultured 
cells, and cell lysates. All reagents included in the kit are optimized to 
the species and sample type to address matrix and species-specific 
effects. All analytes are now available in both magnetic and polysty- 
rene bead formats. In addition, Affymetrix’s custom manufacturing 
capability allows customers to order customized assay panels, and 
the ready-to-use assays allow for a simplified workflow that can be 
completed in less than four hours. 

Affymetrix 

For info: 888-362-2447 | www.affymetrix.com 


GEL IMAGING 

The new Gel Logic 6000 PRO is a premium system for imaging gel, 
blots, and plates using multiple modalities including chemilumines- 
cence, ultraviolet and multiwavelength fluorescence, and radioiso- 
topic labels—all in a single, easy-to-use platform. These modalities 
can be captured in sequence, which streamlines workflow and offers 
significant time savings. Researchers are no longer limited to two or 
three fluorescent channels or restricted to the continuous process 
of stripping and reprobing blots. The Gel Logic 6000 PRO system 
comes complete with new Multiplex Analysis Software, a state-of- 
he-art image capture and analysis program that allows researchers 
© capture, overlay, and analyze data from up to four individual lay- 
ers within an image. This allows for more efficient processes and 
increases the amount of data that can be extracted from a single 
experiment. 

Carestream 

For info: 888-777-2072 | www.carestream.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


6 JANUARY 2012 VOL 335 SCIENCE www.sciencemag.org/products 


AAAS, publisher of Science, thanks the sponsors and 
supporters of the 2012 Annual Meeting 


Presenting sponsor 
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AAAS thanks THE 38% KAVLI FOUNDATION 


for its generous support of the Science Journalism Awards 


Act Now ... Registration Rates Go Up in January 


Registration Emeritus Fairmont Waterfront 
Discounted advance registration rates $235 Members/$335 Non-Members Rate: $202 CAD single/double 
are available until Thursday, 26 January Student 
2012. $60 Members/$90 Non-Members Hyatt Regency Vancouver 

Fae Rate: $195 CAD single/double 
ie advantage of unlimited ae to After 26 January 2012, on-site rates apply. $195 gle/ 
all symposia, seminars, topical lectures, For more information visit : 
plenary events, career workshops, the www.aaas.org/meetings. Pournelle Vancouver 
International Exhibition, and a variety of Rate: $208 CAD single/double 
networking opportunities. i 

Rina ear s t abeHeRE Vancouver Marriott Pinnacle Downtown 

Professional ae su ta ae a ne Hotel 
$295 Members/ $399 Non-Members onion a aa ace ela als Rate: $195 CAD single/double 
Postdoc Fairmont Hotel Vancouver 
$235 Members/$335 Non-Members Rate: $189 CAD single/double Westin Bayshore 


K-12 Teacher Rate: $199 CAD single/double 


$235 Members/$335 Non-Members He ue Fle 


Rate $225 CAD single/double Rooms are available on a first-come, 
first-served basis until 24 January 2012. 


MV AAAS 


ADVANCING SCIENCE, SERVING SOCIETY 


Science Mobile App 
Now Available for Android Phones 


Sclenceshot: How 
Spider Assassins 
Mimic Prey 
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They say you never know when inspiration will strike. Features include: 

Download the Science mobile app for Android devices e Summaries and abstracts from 
and be ready the next time you’re inspired to read the Science, Science Translational 
latest news, research, and career advice from Science Medicine, and Science Signaling. 


on your mobile phone. 


Ability to e-mail full-text links. 


The latest news from ScienceNOW. 


e Career advice articles from 
Science Careers. 


To download the Science 
mobile app for Android visit 
content.aaas.org/mobile, 
visit the Android Market 
on your phone, or just 
scan this barcode. 


Access to the Science weekly 
podcast and other multimedia. 


Content caching for reading 
without wi-fi access. 
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Life Science 


Bioelevate. 


Let our Cell Design Studio” experts 
simplify your custom cell line engineering 
while you focus on research. 


No matter how obscure or exact your specifications, 
our custom-engineered cell lines are tailored using 
CompoZr® ZFN and MISSION® shRNA technologies to 
fit your application perfectly. 


sigma.com/biocells 


biocells 


©2012 Sigma-Aldrich Co. LLC. All rights reserved. SIGMA 
and SIGMA-ALDRICH are trademarks of Sigma-Aldrich Co. 
LLC, registered in the US and other countries. CompoZr and 
MISSION are registered trademarks of Sigma-Aldrich Co. LLC. 
Where bio begins and Cell Design Studio are trademarks of 
Sigma-Aldrich Co. LLC. 


